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Abstract 
 High-level ab initio, quantum chemical calculations on a number of hypervalent 
compounds—SFn-1Cl (n=1-6), SCln (n=1-6), PFnCl (n=2-4)—are presented in this 
dissertation. The bonding in the ground and excited states of these species was analyzed 
using generalized valence bond theory. These (and other) studies have led to a model—
the recoupled pair bond (RPB) model—that provided much insight into the electronic 
structure of these compounds. Recoupled pair bonds are the basis for the unusual stability 
of hypervalent compounds. However, recoupled pair bonds were found to be common, 
explaining, e.g., the presence of unexpected excited states and the isomers found in the 
above species, many of which have never before been reported in the literature. The 
results of these studies will be discussed herein. 
A second topic discussed herein is the impact of recoupled pair bonding on the 
reactivity of divalent sulfur compounds with molecular fluorine. Previously, researchers 
had found that the (CH3)2S + F2 reaction proceeded readily with a large rate constant, 
which is unusual for a reaction between two closed-shell molecules. We were able to 
explain the interesting experimental results for the (CH3)2S + F2 reaction as well as the 
H2S + F2 system, which was found to be nonreactive, experimentally. We will show, 
among other things, that nearly every critical structure for both systems, such as 
intermediates and products, has recoupled pair bonds. We verified that (CH3)2S + F2 
should react readily. Indeed, there is no barrier to one reaction channel, while the H2S + 
F2 reaction has high barriers. 
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Chapter 1. Introduction 
1.1. Bonding and Hypervalency: Previous Models 
 Chemistry is one of the most important and influential sciences of our time, and 
its relevance to humanity needs no justification. The foundational understanding of 
chemistry taught to every practicing chemist is key in their ability to design and 
synthesize new important molecules. Two such central tenants are bonding and valency. 
The notion of the two-center two-electron bond (2c/2e) was initially put forth in Gilbert 
N. Lewis’ seminal paper on the subject in 1916.1 Undergraduates are still taught Lewis 
structures today, an idea that is nearly a century old, to predict the bonding and valency 
of many compounds. Irving Langmuir further developed the ideas of Lewis in 1919, 
resulting in the foundation of bonding and valency that we still use today.2 According to 
these theories, bonding is facilitated by sharing of electrons between atoms in covalent 
bonds, and this sharing can be unequal resulting in ionic character to a bond. Stable 
valency was though to occur when an atom’s octet was satisfied. (The octet (n=8) applies 
to second and third period compounds. For the first period n=2, and for the fourth and 
fifth periods n=18.) 
 With the advent of quantum mechanics, chemists could “look” much more closely 
at the hitherto “invisible” world of the electronic structure of atoms and molecules (how 
electrons interact with each other and with nuclei). In their seminal 1927 paper, Heitler 
and London provided the first quantum mechanical explanation of the 2c/2e bond of H2.3 
Heitler and London showed that the bond in H2 could be explained by favorable 
“exchange” between the electrons, a purely quantum mechanical phenomenon. In the 
renowned Heitler-London wave function, each electron resided in a frozen atomic H 1s 
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orbital, and the energy was calculated from quantum mechanics at various internuclear 
separations. Valence bond, and other molecular orbital methods have been extensively 
developed since the days of Heitler and London. The current methods used in this work 
will be discussed in the Methods chapter.  
 Linus Pauling made a colossal contribution to bonding and valence theory with 
the notion of hybrid orbitals, which he rationalized in the valence bond framework.4,5 
Although the 2c/2e bond described the formation of H2, there was difficulty rationalizing 
the tetravalence of the carbon atom since the atomic configuration of the carbon atom is 
1s22s22px2py with only two singly occupied orbitals, implying a valence of two. Pauling 
explained that carbon’s tetravalency, enabling it to form the tetrahedral structure in CH4 
for example, is possible by hybridizing its s and p orbitals in a 1/3 ratio (sp3 
hybridization). This powerful and simple idea explains carbon bonding in which it 
utilizes either sp3, sp2 or sp hybrid orbitals to form tetra-, tri- or bicoordinated atoms 
respectively; importantly, this idea is not limited carbon. 
There were molecules known in the early twentieth century that did not conform 
to the ideas of Lewis and Langmuir, e.g., PCl5 (synthesized in 1810)6 and SF6 
(synthesized in 1900).7 These compounds were considered “hypervalent” because the 
central atom accommodates more electrons than its normal valency would suggest 
(although this term was not introduced until 1969).8 For example, by counting the number 
of valence electrons around the central atoms in their Lewis structures, one would obtain 
10 and 12 for PCl5 and SF6, respectively. Interestingly, Pauling extended his 
hybridization model to explain this behavior. He posited that SF6, for example, could 
form enough bond orbitals to accommodate six single bonds if sulfur’s s and p orbitals 
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hybridized with its available d shell, forming d2sp3 hybrid orbitals,4 which also 
rationalized the octahedral structure of SF6. 
 However, theoretical calculations in the 1980s and 90s showed that d orbitals are 
not involved in hybridization to the extent predicted by the Pauling model, although they 
are important to achieve quantitative accuracy in a quantum chemical calculation.9-12 Take 
SF6 as an example: While Pauling’s theory predicts the d orbitals to have a weight of 
33% in the σ bond orbitals of SF6, calculations have shown they only account for 5.3%, 
about 1/6 of what the d-orbital model predicts.11 
Between the late 40’s and early 60’s, Rundle and Pimentel developed a molecular 
orbital model to rationalize hypervalency—the 3-center 4-electron bonding model 
(3c/4e).13-15 The 3c/4e model rationalizes hypervalency as follows. Take XeF2 as an 
example for which molecular orbitals are schematically shown in Figure 1.1. The 3c/4e 
model explains that two electrons reside in a bonding MO, and two electrons reside in a 
non-bonding MO localized on the fluorines. Therefore, XeF2 can be thought of as having 
two half bonds;15,16 thus Xe is not actually accommodating more than an octet. Rundle 
and Pimentel’s 3c/4e model rationalizes the existence of hypervalent molecules, but it 
does little in the way of prediction and says nothing about other molecular properties 
such as excited states. A model we have developed (the recoupled pair bond model) 
addresses these deficiencies.  
1.2. Recoupled Pair Bonding 
In the Dunning research group, we have been exploring the chemistry of the 
second row (or third period), late p-block elements and have developed a model, called 
the recoupled pair bonding model, that explains hypervalency. This model arose directly 
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from high quality ab initio calculations. Thus, it has a sound theoretical underpinning. 
Interestingly, the recoupled pair bonding model has also been found to explain many 
other anomalous properties of molecules of the second row, late p-block elements.17 For 
the remainder of the thesis, “first row” will refer to the second period, and “second row” 
to the third period and so on. 
A recoupled pair bond (RPB) is one in which a pair of electrons on a central 
atom becomes decoupled by an electron from an incoming ligand. One of the electrons 
from the pair is subsequently recoupled to the ligand electron forming a 2c/2e electron 
bond, and the remaining electron from the pair is available for further bond formation. An 
archetypal example is the first excited SF(4Σ–) state, whose generalized valence bond 
(GVB) orbitals are shown in Figure 1.2. In GVB, each orbital is singly occupied and is 
optimized at each geometry; thus, in SF(4Σ–), the orbitals change continuously from the 
atomic orbitals at r = ∞ to the orbitals appropriate for the molecule as r decreases. In 
addition, each orbital is allowed to overlap with other orbitals, typically with the largest 
overlap between the orbitals of a bond or lone pair. In the spin-coupled GVB formalism, 
the wave function is composed of an antisymmetrized product of orbitals multiplied by a 
linear combination of spin-coupling functions, which have the electrons coupled in 
various ways. The weights of the spin-coupling functions, as well as the orbital overlaps 
provide insight into the nature of bonding in a molecule. (For a more detailed description 
of spin-coupled GVB, see Chapter 2.) 
For SF(4Σ–), the σ orbitals at the separated atom limit are composed of an F 2pz 
orbital, and a pair of lobe orbitals (Spz+, Spz-) on the S atom (which comprise what in MO 
theory would be the S 3p2 pair). The dominant spin-coupling function has the (Spz+, Spz-) 
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pair singlet coupled, as would be expected. At re however, the wave function has changed 
such that the Spz+ lobe is singlet coupled to the F 2pz orbital. Thus the Spz+ and Spz- 
orbitals have been decoupled from each other, and the Spz+ electron has been recoupled to 
the F 2pz electron. There is still a large overlap of the Spz- orbital with the other two 
orbitals of the bond pair (0.61 and 0.20 for Spz+ and F 2pz). Although overlaps between 
orbitals that are singlet coupled are favorable as shown by Heitler and London, overlaps 
between orbitals that are not singlet coupled are unfavorable. This overlap accounts for 
the longer and weaker bond in this state as compared to the ground state. In the GVB 
natural orbital or GVB strong orthogonality representations, GVB(NO) or GVB(SO), the 
electron remaining from the recoupling process has significant antibonding character. See 
Chapter 2 for details. The potential energy curves for the covalently bound ground state, 
and the recoupled SF(4Σ–) state are shown in Figure 1.3. The notation of electron 
coupling diagrams used throughout this thesis is explained in Figure 1.2 and its caption.  
The RPB model explains hypervalency by showing that lone pair electrons on a 
central atom can be decoupled and subsequently recoupled to other ligands to form new 
bonds. Thus, sulfur for example, has six valence electrons and could (in principle) form 
six bonds. This notion is in line with the democracy principle of Cooper et al. which says 
that any valence electron can participate in a bond if it is energetically favorable to do 
so.12 However in systems such as sulfur, the electrons being decoupled require an 
electronegative ligand to affect a recoupling of the electrons. This occurs because a more 
electronegative ligand will pull more charge density from Spz+ toward it, and reduce the 
unfavorable overlap of Spz+ and Spz-.  For example, the recoupled state of SH (4Σ–) is not 
stable. 
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A second important concept in the recoupled pair bond model is that of the 
recoupled pair bond dyad. A second S-F bond, in this case a covalent bond, can be 
formed by singlet coupling the electron in the singly occupied orbital of F(2P) and the 
antibonding orbital remaining from recoupling of SF(4Σ–) (in the natural orbital or 
GVB(SO) framework). This bond energy is about 20 kcal/mol stronger than a typical 
covalent bond, resulting in the first excited state of SF2 (3B1).18 The bond is much stronger 
than a typical covalent bond, because the electronegative fluorine dramatically decreases 
the antibonding character in the original SF(4Σ–) singly occupied antibonding orbital.18 
This removal of antibonding character is an energetically favorable process, which is 
depicted in Figure 1.4. We refer to the resulting pair of nearly collinear bonds as a 
recoupled pair bond dyad. The RPB dyad is fundamentally different from a typical pair 
of covalent bonds, which are typically situated roughly perpendicular to each other. Each 
bond in the dyad is related to the other because of the corporative removal of antibonding 
character from the first bond upon forming the second. There is evidence of this effect in 
the marked difference between symmetric and antisymmetric stretching frequencies in 
SF4, which is composed of an RPB dyad (axial bonds), and a pair of covalent bonds 
(equatorial). The difference between the symmetric and antisymmetric stretching 
frequencies of the equatorial bonds is about 30 cm-1, while the difference is about 170 
cm-1 for the axial modes!19 The difference for axial is much greater because the 
asymmetric motion disturbs the beneficial symmetric electronic withdrawing character in 
the dyad, essentially reintroducing the antibonding orbital. 
The recoupled pair bonding model explains many hitherto unexplained 
phenomena that have been considered anomalous. For example, the oscillating sequential 
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S-F bond energies of the SFn series could be considered unusual in comparison to 
“normal” valence series such as NHn. Kiang and Zare, who first reported this behavior, 
offered an explanation invoking an alternation between strong 3-center/4-electron and 
weak 2-center/3-electron bonding.20 This is essentially in line with our model, but this 
explanation was not verified with calculations at the time. Sulfur has two singly occupied 
p orbitals in its 3P ground state. Thus, it has exhausted its “normal” valence after forming 
two covalent bonds. However, it is possible to form a third S-F bond to SF2 resulting in 
SF3. Since SF2 is closed-shell, the next bond will be a recoupled pair bond, resulting in a 
weak bond (see above). SF3 is an open-shell doublet, thus the next S-F bond forming SF4 
will be a covalent and thus strong bond. In this way, the bond energies continue to 
oscillate through the SFn series.18 This same behavior occurs in many other systems such 
as SCln,21 PFn22 and ClFn.23 
1.3. Current Work 
 The above example of the utility of the recoupled pair bonding model is far from 
comprehensive. The subject of my work will provide many more examples of how RPB 
is relevant to a more complete understanding of chemical phenomena. 
 Initially, our group wished to understand hypervalency in various fluoride series. 
Our group’s first such exploration of hypervalency was the bonding in the SFn series 
(n=1-6).18 Woon and Dunning showed that RPB was present in the excited states of SF 
and SF2, and that this excited electronic structure anticipated that of the ground state 
hypervalent SF3 and SF4. By decoupling the S 3p2 pair, SF3 and SF4 become stable. To 
form SF5 and SF6, the (pair derived from the) S 3s2 pair must be decoupled. Secondly, we 
examined the bonding in the ClFn series and showed that recoupled pair bonding is 
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responsible for many excited states and all of the ground states beyond ClF. For example, 
after forming the normal covalently bound ClF ground state, a chlorine 3p2 pair must be 
recoupled to form the open-shell ClF2, and the closed-shell ClF3 is thus composed of a 
normal Cl-F covalent bond and a RPB dyad.23 Later, Woon and Dunning reported on the 
utility of RPB in explaining ground and excited states of the PFn series (n=1-5).22 Again, 
it was shown that excited states of PF, PF2 and PF3 exhibit recoupled pair bonding. To 
form the hypervalent PF4 and PF5, the P 3s2 pair of electrons must be recoupled to form 
bonds beyond the “normal” trivalence of phosphorus.  
 A second question our group wished to answer was: “What are possible 
substituent effects on recoupled pair bonds, and thus how would recoupled pair bonding 
effect geometric isomerism, and what is the relationship between RPBs and Muetterties’ 
Rule?” I sought to answer this question by studying the effect of substituting a fluorine 
with a chlorine in SFn and PFn: i.e. the SFn-1Cl (Chapter 3) and PFn-1Cl series (Chapter 
6).24 The results of the SFn-1Cl study suggested that Cl substitution has a destabilizing 
effect on the S–F bonds, so we also studied the completely substituted SCln (n=1-6) series 
to explore this.21 The SCln study is presented in Chapter 4. I found that there is interesting 
isomerism present in both the SFn-1Cl and PFn-1Cl species, where there are many cases in 
which Cl and F compete with each other for different bonding positions. This results in 
cases where there are two or more isomers of differing stability as in PF4Cl, where Cl can 
reside in either the axial or equatorial position. The known behavior of the more 
electronegative ligand “preferring” the axial position in pentavalent phosphorus 
compounds is known as Muetterties’ rule.25,26 Our work sheds light on this rule of 
inorganic chemistry. 
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 Chapters 3 and 4 discuss and explain the behavior of the lowest excited states of 
SF, SCl, SFCl and SCl2 in which the electronic states have higher spin multiplicities than 
their ground states. (The excited states are quartet and triplet states for di- and triatomics 
while the ground states are doublet and singlet states respectively). Notably, we 
discovered a system of bond-stretch isomers in the first excited state (3Aʺ) of SFCl. 
Bond-stretch isomers are isomers that differ primarily in their bond lengths. This novel 
kind of isomerism has been extensively discussed and debated in the literature.27-33 We 
also performed a study of the analogous excited states in which the electronic states had 
the same spin multiplicities as their ground states; these results are presented in Chapter 
5. These states are more relevant to electronic spectroscopy absorption experiments. 
Again, we found a system of bond stretch isomers for SFCl (1Aʺ), and we also showed 
that the signature of the isomerism is observable in the theoretical UV-VIS spectrum, a 
measurement of which has yet to be reported in the literature.  
 Another question our group wished to address is: “What is the impact of 
recoupled pair bonding on reactivity?” Previous experimental studies showed that 
dimethyl sulfide (DMS) reacts with molecular fluorine to yield CH2S(F)CH3 without a 
barrier.34,35 It is most unusual for two closed species to react without a barrier. A second 
product of the DMS + F2 reaction is the open-shell doublet (CH3)2S-F compound. 
Furthermore, crossed molecular beam experiments indicated that these reactions 
proceeded through a short-lived reaction intermediate, and some theoretical calculations 
predicted an unusual structure for this reaction intermediate, which appeared unusually 
stable.34,35 Interestingly, no direct F2 addition products were observed which result in the 
stable (CH3)2SF2 structures analogous to SF4, in which both fluorine atoms add to DMS. 
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Finally, in contrast to the facile DMS + F2 reaction, flow tube studies showed that H2S + 
F2 does not react at room temperature.36 
 We performed high-level ab initio calculations on the DMS + F2 and H2S + F2 
systems to explain all these unusual behaviors. We showed that every point on the 
potential energy surfaces of both systems, other than reactants, involves recoupled pair 
bonding. These reactions would not be possible if sulfur was unable to form recoupled 
pair bonds with the reactant (F2). This work will be presented in Chapter 7.  
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1.5. Figures 
 
 
Figure 1.1. Schematic of molecular orbitals of XeF2 as explained by the 3-center/4-
electron model. 
 
 
 
Figure 1.2. Left: Spin-coupled (SC) and strongly orthogonal (SO) GVB orbitals of 
SF(4Σ–). Atomic-like orbitals are shown in the top row, and molecular GVB orbitals at re 
are shown in the bottom two rows. Right: GVB orbital coupling diagrams. Only p orbitals 
and lobes are shown. Out of plane p orbitals are represented as circles. Singlet coupling is 
indicated by “coupled” for the orbitals on the left, or by solid lines in the diagrams on the 
right.  
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Figure 1.3. Potential energy curves of the two lowest-lying electronic states of SF. See 
Chapter 2 for details on methodology. 
 
 
Figure 1.4. Strongly-orthogonal GVB orbitals for the F(2P) + SF(4Σ–) → SF2(3B1) 
reaction. The geometries are constrained to be linear. The SF(4Σ–) geometry is frozen at 
its equilibrium distance, and the other S-F bond length is shown (r) in units of Å. GVB 
orbital overlaps (s) are shown. 
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Chapter 2. Methods 
2.1. Introduction 
The entirety of the research performed in this thesis was done with theoretical 
computational quantum chemistry techniques. For all calculations, the Born-
Oppenheimer approximation was employed, in which the nuclear and electronic degrees 
of freedom are treated separately. Thus, the electronic Schrödinger equation was solved 
with the nuclear coordinates as parameters. The theories used to solve the electronic 
Schrödinger equation are known collectively as electronic structure theory. Electronic 
structure theory methods fall into three major categories: ab initio, density functional, and 
semiempirical methods. It is not the purpose of this chapter to describe these methods in 
detail; however they will be briefly discussed in the context of work presented in later 
chapters. High-level and accurate ab initio techniques were used for most calculations in 
this thesis. Certain vibrational frequencies and transition state structures were obtained 
with density function theory. No semiempirical methods were used. To analyze the wave 
functions of certain interesting structures, the full generalized valence bond (GVB), or 
strongly-orthogonal generalized valence bond [GVB(SO)] methods were used. This 
chapter is an overview rather than an exhaustive description of the techniques employed 
since each subsequent chapter presenting results has its own methods section. 
2.2. Electronic Structure 
 2.2.1. Single-Reference Correlation Methods. One of the primary goals of ab 
initio quantum chemistry is to provide chemical accuracy for the computation of 
molecular properties such as structures, relative energies, barrier heights and rate 
15 
constants. Typically the first step in an ab initio calculation is to perform a molecular 
orbital calculation using methods such as Hartree-Fock (HF) self-consistent field (SCF).1 
The HF wave function is composed of a single Slater determinant, and it is widely known 
to have limited accuracy. The HF wave function ansatz treats each electron in an 
effective (or average) field due to all the other electrons. To improve the accuracy of 
computed molecular properties, the electrons must be allowed to instantaneously interact 
with one another; i.e. they must be correlated. There are various methods that address this 
deficiency of HF by including multiple Slater determinants with excited electronic 
configurations, using the HF electron configuration as a reference. This is known as 
adding “electron correlation” to the wave function. Methods that only include excitations 
out of the HF determinant are known as “single-reference” correlation methods because 
they only include excitations out of a single reference function (the single HF Slater 
determinant). The energy lowering of the total correlated wave function below the HF 
reference is known as the “correlation energy.” Electron correlation is usually broken 
down into two categories: non-dynamical and dynamical. Non-dynamical correlation 
exists when more than one electron configuration is required to adequately describe the 
molecule/state of interest. An example of non-dynamical correlation is provided by the 
ground state of H2 at large internuclear distances (R) where both the g
2 (the HF 
configuration) and u
2 configurations have large coefficients (they are exactly equal at 
R = ∞). Dynamical correlation refers to the true instantaneous interaction of the electrons 
after correcting for non-dynamical correlation effects. 
 The full configuration interaction (CI) wave function is the exact wave function 
for a given finite basis set. The full CI wave function shown below, is an expansion of 
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Slater determinants that includes the HF determinant and all possible excited 
determinants: 
|    ⟩    |   ⟩  ∑  
 |  
 ⟩
   
 ∑    
  |   
  ⟩  
     
∑     
   |    
   ⟩
       
   
The sums are over all occupied orbitals a, b, c... and all virtual orbitals r, s, t… Thus, 
|  
 ⟩ is the deteriminat with an electron in orbital a excited into orbital r (with respect to 
the HF reference), and   
  is the CI (expansion) coefficient for that determinant, and 
|   
  ⟩ is the doubly excited determinant with electrons from orbitals a and b being 
excited into orbitals r and s, and so on. In this way, the full CI wave function is written as 
a sum of all possible n-tuply excited Slater determinants. The optimal wave function is 
obtained by optimizing the   coefficients using the variational principle: the combination 
of c’s that give the lowest energy corresponds to the ground state, the combination that 
gives the next lowest energy is the first excited state, and so on. 
 A common method for including dynamical correlation for a single-reference 
wave function is second-order Møller-Plesset perturbation theory (MP2).2-4 The MP2 
wave function includes double electron excitations out of the HF wave function, but since 
double excitations typically account for the majority of the correlation energy in wave 
functions,1,5 this method usually performs well. For example, double excitations account 
for 94.6% of all correlation energy in H2O using the 6-31G* basis set.
6 MP2 theory was 
used for some transition state and vibrational frequency calculations throughout this 
thesis where more accurate and computationally demanding methods were precluded. 
MP2 theory is known to provide reasonable accuracy for such properties.7-9 
 The coupled cluster singles and doubles with perturbative triples method, 
CCSD(T),10-14  is often referred to as the “gold standard” of electronic structure theory 
17 
because of its very high accuracy in calculating a number of chemical properties.7,15-21 In 
coupled cluster theory, the wave function is expanded in a basis of Slater determinants 
generated from an exponential excitation operator. The general coupled cluster wave 
function ansatz is shown below:  
|   ⟩   
 ̂|   ⟩ 
where |   ⟩ is the Hartree-Fock Slater determinant, and  ̂   ̂   ̂   ̂    .  ̂  is 
the operator that generates all single excitations when operating on the HF determinant, 
 ̂  the operator for generating all double excitations and so on. The exponential is written 
as a Taylor expansion in  ̂, which in practice is finite due to the finite size of any basis 
set. Inclusion of n levels of excitation for an n electron system yields the exact (full CI) 
wave function. CCSD(T) has full single and double excitations (i.e.  ̂   ̂   ̂ ) but 
treats the triple excitations perturbatively. This provides an excellent balance between 
accuracy and cost. The full CCSDT method with full triples, (i.e.  ̂   ̂   ̂   ̂ ), is 
much more computationally expensive than the CCSD(T) method and often does not 
significantly improve the accuracy of the calculation.16-18  
 The CCSD(T) method was the workhorse electronic structure method of this 
thesis. Any calculation (indeed most calculations) that could be treated with single-
reference methods was treated with the CCSD(T) method, if it was computationally 
affordable to do so. Thus most molecular geometries, relative energies and other 
properties reported herein were calculated with this method. For open-shell species, the 
spin-restricted implementation of CCSD(T) was used [RCCSD(T)]. For simplicity, 
“RCCSD(T)” will be meant to refer to both open-shell RCCSD(T) and closed-shell 
CCSD(T) calculations.11  
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2.2.2. Multireference Correlation Methods. A number of important chemical 
processes such as bond breaking are ill-described with conventional molecular orbital HF 
calculations because a single electron configuration is not sufficient to describe the 
process. An example of this is the well-known dissociation catastrophe of H2 with the 
restricted Hartree-Fock wave function noted earlier. However, a wave function that takes 
into account the appropriate additional Slater determinants in the orbital and total energy 
optimization does not suffer this problem. The multiconfiguration self-consistent field 
(MCSCF)22,23 method is an example of such methods. In the MCSCF method, the orbitals 
and coefficients of a wave function with multiple electron configurations are optimized 
using the SCF method. A subset of the MCSCF method is the “complete active space 
self-consistent field” method (CAS or CASSCF) in which a full configuration interaction 
(CI) calculation is performed in a limited (active) space of electrons and orbitals.24 
Because each Slater determinant in the CAS wave function is used as a reference for later 
inclusion of dynamical correlation, they are known as “multireference correlation 
methods.”  
An accurate multireference correlation method is the multireference singles and 
doubles configuration interaction (MRSDCI or MRCI) method.25,26 In MRCI, a CI 
expansion truncated at double excitations is performed on the CAS wave function. 
Although double excitations dominate over other excitations in a full CI wave function, 
the effect of quadruple excitations can still be important.1 Ernest Davidson developed a 
very useful approximation for the correlation energy contribution of quadruple 
excitations known as the “Davidson correction.”27,28 The resulting method is known as 
the MRCI+Q method, and has been shown to give accurate results for a broad range of 
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molecular properties. The MRCI+Q method was used for the potential energy curves of 
diatomic sulfur halides herein, and for calculating structures and electronic spectra of 
SF2, SFCl and SCl2. 
The second multireference correlation method used in this thesis is second-order 
multireference Rayleigh-Schrödinger perturbation theory (MRSPT2 or CAS-PT2).29,30 
Like the MRCI method, the correlation treatment begins with a CAS wave function, but 
in contrast, it uses second-order perturbation theory to include dynamical electron 
correlation effects. CAS-PT2 has the advantage of being much less computationally 
expensive than MRCI+Q, but it is known to be problematic in many cases (See Chapter 7 
for example). Thus it was used sparingly and cautiously herein.  
2.2.3. Single-Reference or Multireference? The choice between single- or 
multireference correlation theories is usually obvious. The CCSD(T) method is 
considered the gold standard of modern electronic structure calculations, but most well 
implemented and widely available software packages, including the ones used in this 
work, only employ single-reference (not multireference) coupled cluster techniques. 
Thus, if the problem could be treated properly with a single-reference wave function, and 
if computationally feasible (which was true of most cases), then we used the single-
reference CCSD(T) method. The single-reference restriction usually limits one to well 
behaved regions on a potential energy surface (e.g., minima). However, if one wishes to 
describe bond-breaking and forming processes, generally a multireference wave function 
is required. In these cases, we used the MRCI+Q method wherever it was affordable due 
to its high accuracy and resorted to the CAS-PT2 method only when required by 
computational demands. 
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2.2.4. Generalized Valence Bond. The generalized valence bond wave 
function31-37 is written as an antisymmetrized product of orbitals multiplied by a linear 
combination of spin-coupling functions, which have the electrons coupled in various 
ways. The GVB method is related to the MCSCF method in which some electrons are 
treated as “active” and others as “inactive” and thus residing in strictly doubly occupied 
orbitals.35-37 The GVB wave function is usually the major component of a CAS wave 
function.35-37 
In the GVB method, the “active” orbitals are singly occupied and allowed to 
overlap with each other, but the inactive orbitals are strictly doubly occupied and 
orthogonal to the singly occupied orbitals and each other. The functional form of this 
wave function is shown below: 
      (∏  
    
  
 
   
∏     
 
 
   
) 
where   
  represent the   doubly occupied orbitals, which are multiplied by the spin 
function that represents perfect-pairing and couples the    inactive electrons into singlet 
pairs. The   active electrons reside in the singly occupied    orbitals, which are 
multiplied by a linear combination of N-electron spin functions (   
 ) for a spin of   and 
spin projection of  .   is the antisymetrizer. The spatial orbitals as well as the 
coefficients of the spin functions in    
  are variationally optimized. Analysis of the 
orbitals, orbital overlaps, and dominant spin functions provide insight into bonding that is 
lacking in conventional molecular orbital methods. 
 An approximation employed in early chapters of this thesis is known as GVB 
with strong-orthogonality constraints, GVB(SO). In the GVB(SO) method, the orbitals 
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for all active electron pairs are non-orthogonal but each of the orbital pairs are forced to 
be orthogonal to all other electron pairs. This approximation changes the shape of some 
orbitals, but not the overall interpretation of the wave function. The SO approximation 
has the benefit of being closely related to the MO wave function that chemists are more 
familiar with, so it can be beneficial to present GVB(SO) results. 
Consider the following two configuration MCSCF wave function for a two 
electron, two atom system with an active bonding and antibonding orbital pair: 
       
 
√ 
[                ](     ) 
where    and     are CI expansion coefficients for the HF configuration and the 
configuration with both electrons from the bonding molecular orbital (  ) excited into 
the antibonding orbital (   ). 
 
√ 
(     ) is the perfect-pairing spin function that 
couples the two electrons into a pair. This MCSCF wave function can be transformed into 
a GVB wave function:   
     
 
√ (    )
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where    and    are localized GVB orbitals on either nucleus and   is the overlap 
between them. This transformation can be achieved by the following substitutions: 
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For example, the excited SF(a4Σ
–
) state, as discussed in the introduction, 
possesses a recoupled pair bond, and thus three active electrons are involved in bond 
formation (on the σ axis). In the full GVB framework, the orbital “leftover” from 
recoupling the sulfur electron pair has appreciable overlaps of 0.61 and 0.20 with the two 
orbitals of the SF bond pair. This is an energetically destabilizing interaction. By 
enforcing strong orthogonality, the orbitals change appearance. The orbital remaining 
from recoupling now has significant antibonding character because it must be orthogonal 
to the orbitals of the bond pair. Thus, the unfavorable overlaps present in the full GVB 
wave function have simply been translated to the presence of a singly occupied 
antibonding orbital in the GVB(SO) wave function. Both of these effects are 
energetically destabilizing and, in fact, are simply two different ways of describing the 
destabilizing effect of the electron in the leftover orbital. (The minor changes in the bond-
pair orbitals do not change the interpretation). See Figure 1.2 for plots of these orbitals. 
 2.2.5. Density Functional Theory (DFT). DFT38,39 is a popular method due to 
the fact that it often provides reasonable accuracy for modest computational cost. 
However, DFT suffers from many deficiencies. Examples relevant to this thesis are: It 
lacks systematic improvability and cannot properly treat multireference systems.7 Thus, I 
have used DFT sparingly for the work in this thesis. It has primarily been used to 
calculate harmonic vibrational frequencies of certain species, a task for which DFT is 
known to provide reasonable accuracy.7 
2.2.6. Basis Sets. All modern electronic structure calculations are done in a 
single-particle basis set of spatial functions, usually functions localized on the atoms. 
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Dunning’s basis sets are an ideal choice if one wishes to systematically improve accuracy 
by increasing basis set size, and thus systematically decreasing basis set truncation 
error.40-44 We have used Dunning basis sets of anywhere from double- up to sextuple-ζ 
quality; however, most calculations were done with a triple- or quadruple-ζ basis set. 
2.3. Other Effects 
2.3.1. Nuclear Quantum Effects. For many of the species studied, nuclear 
quantum effects were treated by including the vibrational zero-point energy. In the vast 
majority of cases, the harmonic oscillator approximation was used in calculating 
vibrational frequencies with various electronic structure methods. Several diatomic 
molecules were treated with a more accurate Dunham expansion45 of the potential energy 
curves, in which anharmonic effects are calculated. 
2.3.2. Neglected Electronic Structure Effects. There are several effects that are 
neglected throughout this thesis. First, core electron correlation is neglected, i.e. the core 
electrons are not allowed to be excited in the determinant expansion of a correlation 
technique. This is usually a minor effect given the level of accuracy we require, causing 
bond energies to change on the order of (but usually less than) 1 kcal/mol, and bond 
lengths to typically vary by a few thousands of an angstrom.46,47 Second, relativistic 
effects were ignored. Since all molecules studied belonged to the second row or above on 
the periodic table, relativistic effects are small and, for our purposes, can be ignored.48 
The neglect of core-valence correlation, and relativistic effects dramatically decrease 
computational demand, therefore it is cost effective to ignore these effects where 
possible.  
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2.4. Summary 
 State of the art electronic structure techniques were used for the bulk of the work 
reported herein, and every reasonable effort was made to minimize errors, and maximize 
accuracy and agreement with available experimental data. As can be seen in future 
chapters, the experimental agreement is quite impressive, with bond energies and bond 
lengths typically within a few kcal/mol and about 0.005 Å of experimental values 
respectively There are some neglected effects, as discussed above, but these effects are 
generally small for the systems of interest here. Finally, the use of the GVB method 
yields much insight into the nature of the bonding in the species studied. 
2.5. References  
 (1) Szabo, A.; Ostlund, N. S. Modern Quantum Chemistry: Introduction to 
Advanced Electronic Structure Theory; Dover: Mineola, NY, 1989. 
 (2) Moller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618. 
 (3) Bartlett, R. J. Ann. Rev. Phys. Chem. 1981, 32, 359. 
 (4) Head-Gordon, M.; Pople, J. A.; Frisch, M. J. Chem. Phys. Lett. 1988, 153, 
503. 
 (5) Levine, I. N. Quantum Chemistry, 5th ed.; Prenticle Hall: Upper Saddle 
River, N.J., 2000. 
 (6) Hariharan, P. C.; Pople, J. A. Theor. Chim. Acta. 1973, 28, 213. 
 (7) Cramer, C. J. Essentials of Computational Chemistry: Theories and 
Models, 2nd ed.; Wiley: West Sussex, 2004. 
 (8) Pu, J.; Truhlar, D. G. J. Phys. Chem. A 2005, 109, 773. 
 (9) Zhao, Y.; González-García, N.; Truhlar, D. G. J. Phys. Chem. A 2005, 
109, 2012. 
 (10) Bartlett, R. J. J. Phys. Chem. 1989, 93, 1697. 
 (11) Knowles, P. J.; Hampel, C.; Werner, H.-J. J. Chem. Phys. 1993, 99, 5219. 
 (12) Purvis III., G. D.; Bartlett, R. J. J. Chem. Phys. 1982, 76, 1910. 
 (13) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-Gordon, M. Chem. 
Phys. Lett. 1989, 157, 479. 
 (14) Watts, J. D.; Gauss, J.; Bartlett, R. J. J. Chem. Phys. 1993, 98, 8718. 
 (15) Feller, D. J. Chem. Phys. 1999, 111, 4373. 
 (16) Feller, D.; Sordo, J. A. J. Chem. Phys. 2000, 112, 5604. 
 (17) Feller, D.; Sordo, J. A. J. Chem. Phys. 2000, 113, 485. 
 (18) Bak, K. L.; Jørgensen, P.; Olsen, J.; Helgaker, T.; Gauss, J. Chem. Phys. 
Lett. 2000, 317, 116. 
25 
 (19) Feller, D.; Dixon, D. A. J. Chem. Phys. 2001, 115, 3484. 
 (20) Helgaker, T.; Klopper, W.; Halkier, A.; Bak, K. L.; Jørgensen, P.; Olsen, 
J. Highly Accurate Ab Initio Computation of Thermochemical Data. In Quantum-
Mechanical Prediction of Thermochemical Data; Cioslowski, J., Ed.; Kulwer: Dordrecht, 
2001. 
 (21) Young, D. C. Computational Chemistry: A Practical Guide for Applying 
Techniques to Real World Problems; Wiley: New York, 2001. 
 (22) Knowles, P. J.; Werner, H.-J. Chem. Phys. Lett. 1985, 115, 259. 
 (23) Werner, H.-J.; Knowles, P. J. J. Chem. Phys. 1985, 82, 5053. 
 (24) Roos, B. O. Adv. Chem. Phys. 1987, 69, 399. 
 (25) Knowles, P. J.; Werner, H.-J. Chem. Phys. Lett. 1988, 145, 514. 
 (26) Werner, H.-J.; Knowles, P. J. J. Chem. Phys. 1988, 89, 5803. 
 (27) Davidson, E. R.; Silver, D. W. Chem. Phys. Lett. 1977, 52, 403. 
 (28) Langhoff, S. R.; Davidson, E. R. Int. J. Quantum Chem. 1974, 8, 61. 
 (29) Celani, P.; Werner, H.-J. J. Chem. Phys. 2000, 112, 5546. 
 (30) Werner, H.-J. Mol. Phys. 1996, 89, 645. 
 (31) Hunt, W. J.; Hay, P. J.; Goddard, W. A., III. J. Chem. Phys. 1972, 57, 738. 
 (32) Goddard, W. A., III.; Dunning, T. H., Jr.; Hunt, W. J.; Hay, P. J. Acc. 
Chem. Res. 1973, 6, 368. 
 (33) Bobrowicz, F. W.; Goddard, W. A., III. The Self-Consistent Field 
Equations for Generalized Valence Bond and Open-Shell Hartree-Fock Wavefunctions. 
In Methods of Electronic Structure Theory; Schaefer, H. F., III., Ed.; Plenum: New York, 
1977; pp 79. 
 (34) Goddard, W. A., III.; Harding, L. B. Ann. Rev. Phys. Chem. 1978, 29, 363. 
 (35) Cooper, D. L.; Thorsteinsson, T.; Gerratt, J. Int. J. Quantum Chem. 1997, 
65, 439. 
 (36) Cooper, D. L.; Thorsteinsson, T.; Gerratt, J. Adv. Quantum Chem. 1998, 
32, 51. 
 (37) Thorsteinsson, T.; Cooper, D. L.; Gerratt, J.; Karadakov, P. B.; Raimondi, 
M. Theor. Chim. Acta. 1996, 93, 343. 
 (38) Hohenberg, P.; Kohn, W. Phys. Rev. B 1964, 136, 864. 
 (39) Kohn, W.; Sham, L. J. Phys. Rev. A 1965, 140, 1133. 
 (40) Dunning, T. H., Jr. J. Chem. Phys. 1989, 90, 1007. 
 (41) Dunning, T. H., Jr.; Peterson, K. A.; Wilson, A. K. J. Chem. Phys. 2001, 
114, 9244. 
 (42) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R. J. J. Chem. Phys. 1992, 
96, 6796. 
 (43) Wilson, A. K.; van Mourik, T.; Dunning, T. H., Jr. J. Mol. Struct. 
(THEOCHEM) 1996, 388, 339. 
 (44) Woon, D. E.; Dunning, T. H., Jr. J. Chem. Phys. 1993, 98, 1358. 
 (45) Dunham, J. L. Phys. Rev. 1932, 41, 721. 
 (46) Denis, P. A. J. Phys. Chem. A 2004, 108, 11092. 
 (47) Peterson, K. A.; Dunning, T. H., Jr. J. Chem. Phys. 2002, 117, 10548. 
 (48) Pitzer, K. S. Acc. Chem. Res. 1979, 12, 271. 
 
 
26 
Chapter 3. Bonding and Isomerism SFn-1Cl (n=1-6): A 
Quantum Chemical Study1 
3.1. Introduction 
Recoupled pair bonds are formed by decoupling a pair of electrons on a central 
atom with subsequent recoupling of the electrons in the pair to form new bonds.1-4 
Recoupled pair bonds enable atoms to form hypercoordinated molecules, but they are 
also important in non-hypervalent molecules, allowing for example, the formation of 
unexpected low-lying excited states. Recoupled pair bonding combined with covalent 
bonding predicts the geometries of the ground and low-lying excited states of the XFn 
molecules—SFn,1 ClFn,2 and PFn3—and provides a clear rationale for the ordering of the 
states and the variations in the bond energies. For example, we found in our study of SFn 
species1 that while the bonding in the ground states of both SF and SF2 is covalent, both 
species have low-lying states that form through recoupled pair bonding of the sulfur 3p2 
pair. Furthermore, the electronic configurations of these states – SF(a4Σ–), SF2(a3B1), and 
SF2(b3A2) – clearly anticipate1 the geometries of SF3 and SF4. Formation of SF5 and SF6 
subsequently occur when the orbital derived from the sulfur 3s2 pair is recoupled. 
Following the study of the SFn species, we investigated the effect of changing the 
central atom from S to Cl, where there are two 3p2 pairs and the 3s2 pair of electrons that 
can be recoupled.2 The valence electrons of Cl are more tightly bound to their nucleus 
than those of S, and this has the predictable impact of making recoupling less 
                                                 
1 This chapter is drawn in its entirety from a previous publication. Reprinted (adapted) with permission 
from Leiding, J; Woon, D. E. and Dunning, T. H., Jr. J. Phys. Chem. A 2011, 115, 329. Copyright 2011 
American Chemical Society. 
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energetically favorable in ClFn species than in SFn species. One can also step the other 
direction in the periodic table, to the PFn family,3 where after forming three covalent 
bonds with the electrons in the singly occupied 3p orbitals of ground state P(4S), one can 
recouple the 3s2 pair to form PF4 and PF5; recoupling also accounts for a little known 3B1 
state of PF3. Quite interestingly, recoupling also occurs in the excited phosphorus (2D) 
atom, where there is a 3p2 pair that can be recoupled to yield excited states of PF and PF2 
as well as the T-shaped transition state of PF3 through which inversion of ground state 
PF3 occurs. 
Having explored the pure fluorides of P, S, and Cl, we have returned to the SFn 
series in this work and asked the question: what happens if we replace one of the fluorine 
atoms with chlorine? This substitution allows us to investigate behavior not present in 
pure SFn species, such as substituent effects of Cl on the S-F bonds, and isomerism, 
where there is a competition between F and Cl for various bonds in the molecule. The 
study of these effects allows us to test and improve our model of recoupled pair bonding 
and its manifestation in molecular bonding and hypervalency.  
The paper is organized as follows. First, we describe our methodology. Second, 
we present quantum chemical results on the ground and low-lying excited states of 
SFn-1Cl. As we report results, we will discuss the impact of recoupled pair bonding on 
isomerism, structural parameters, and bond energies. We determined the bond energies 
for reactions where halogen atoms are added one at a time in order to build up to SF5Cl, 
and we will discuss the trends in these values. Finally, we will analyze substituent effects. 
Much experimental work has been done on SFn, whereas very little experimental 
data are available on SFn-1Cl. Where possible we have made comparisons of our 
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theoretical results to experimental measurements. Two prior theoretical studies are 
sufficiently broad in scope to mention in the introduction. Gutsev and Ziegler studied 
SFn-1Cl (n=1-6) at a low level of theory (DFT) with a focus on geometric parameters and 
electron affinities.5 In 2008 Van Doren and co-workers published MP2 and B3LYP 
results using Pople basis sets on SFn-1Cl (n=1-6).6 As in the work of Gutsev and Ziegler, 
the study by Van Doren et al. focused on geometry and electron affinities, while our 
results focus on bonding and also used a higher level of theory, RCCSD(T) with large 
correlation consistent basis sets. Throughout the paper we will make comparisons to our 
previous results for SFn.1 
3.2. Methodology 
All ab initio calculations were carried out with the Molpro program package.7 
Minima and transition states were computed using RHF-RCCSD(T)8-11 [referred to 
henceforth as RCCSD(T)]. CASSCF wave functions12,13 were used for potential energy 
curves of SF and SCl due to their flexibility in describing the electronic structure over a 
wide range of internuclear separations. Dynamical correlation was included in the 
multireference calculations via internally contracted single and double excitation 
multireference configuration interaction (MRCI)14,15 calculations, with the Davidson 
correction16,17 for quadruple excitations (MRCI+Q).  
Augmented correlation consistent basis sets up to sextuple zeta quality were used: 
aug-cc-pVxZ (x=D,T,Q,5,6).18-21 For the sulfur and chlorine atoms in all species studied, 
these basis sets were augmented with an additional tight d function, aug-cc-pV(x+d)Z.22 
For simplicity, we abbreviate the designation for these combined basis sets as AVxZ 
(x=D,T,Q,5,6). For SCl, optimized structures and energies were obtained at the 
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RCCSD(T)/AVxZ (X=D,T,Q,5,6) level. Extrapolation to the complete basis set (CBS) 
limit was obtained via eq. [1] 
 E x( ) = ECBS + be− x + ce− x
2  [1] 
where x is the basis set quality (x=2 for DZ, etc.) and ECBS, b and c are fitting parameters 
obtained in a least squares fit. 
Analytical potential energy curves for SCl computed at the RCCSD(T)/AV6Z 
level of theory were expanded in polynomials up to the fifth power spanning about 
0.15 Å on either side of the minimum. Dunham analysis23 was used to determine 
spectroscopic parameters. Zero-point energy (ZPE) corrections were then calculated 
using eq. [2] 
 Ezpe =
1
2ω e −
1
4ω exe  [2] 
where the second term is the anharmonic correction to the ZPE. 
Unless otherwise noted, all energies and geometric parameters for species larger 
than SCl were calculated at the RCCSD(T)/AVQZ level. Bond dissociation energies for 
RCCSD(T) calculations were calculated using the atomization method. Analytical 
harmonic frequencies were calculated at the B3LYP/AVTZ level in the Gaussian03 
package,24 which were then used to compute zero-point energy (ZPE) corrections. The 
accuracy of the B3LYP/AVTZ frequencies and minima were validated by comparison 
with RCCSD(T)/AVTZ results calculated for the diatomic and triatomic minima (see 
Supporting Information, SI, Appendix A). We use B3LYP frequencies for consistency 
since it is not computationally feasible to calculate RCCSD(T) frequencies for the larger 
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species. One structure of SFCl (4) (Figure 3.5) was not a minimum at the B3LYP level, 
thus RCCSD(T)/AVTZ harmonic frequencies have been used for the ZPE correction. 
For SF3Cl and SF5Cl, PBE0/AVTZ frequencies agree better with experimental 
results than B3LYP/AVTZ (see below). We used PBE0 frequencies to aid in the 
interpretation of the experimental vibrational spectrum of SF3Cl. Despite the better 
agreement of PBE0 with the experimental frequencies, there is a negligible difference in 
the effect of the ZPE corrections on relative stabilities and bond energies between 
PBE0/AVTZ and B3LYP/AVTZ. 
Molecular orbitals were obtained from Hartree-Fock or CASSCF calculations. 
Approximate Generalized Valence Bond (GVB)25 orbitals were obtained by transforming 
the relevant CASSCF natural orbitals (NOs) using appropriate components of the CI 
vector. The approximate GVB orbitals were calculated using the procedure described 
previously (Chapter 2).1 
3.3. Calculated Structures and Properties of SFn-1Cl Species 
3.3.1. SCl. As in the previous work on SFn species, we begin with the diatomic 
species. The ground state of SCl is formed through covalent bonding as shown in Figure 
3.1(a) to obtain the 2Π ground state. SCl has been studied by IR spectroscopy26-29 and 
resonance enhanced multiphoton ionization spectroscopy.30 Lee et al. discovered that SCl 
can be formed from photodissociation of S2Cl2.31 There have been a few theoretical 
studies of SCl.32-34 Most noteworthy is a study by Yang and Boggs,34 which was done at a 
very high-level of theory (MRCI+Q) and included scalar relativistic effects and spin-orbit 
coupling. 
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In our calculations, ground state SCl(X2Π) was found to have an equilibrium bond 
length (re) of 1.978 Å at the RCCSD(T)/AV6Z level of theory, which is very close to the 
experimental bond length (re) of 1.97529 Å (Table 3.1)28 (given that relativistic, core-
valence correlation, other corrections are not included). At the RCCSD(T)/CBS level of 
theory for AVxZ (x=D,T,Q,5,6), De was found to be 68.1 kcal/mol. The bond energy of 
SCl has not been measured to the best of our knowledge to compare with our 
RCCSD(T)/CBS D0 value of 67.3 kcal/mol. Our other theoretical spectroscopic 
parameters are compared to available experimental results in Table 3.2. Parameters used 
in the ZPE correction for SCl are provided in Table 3.3. 
The lowest energy recoupled pair state of SCl is formed by orienting the S 3p2 
lone pair so that it interacts with the singly occupied halogen valence 3p orbital as 
depicted in Figure 3.1(b) to give a 4Σ– state (higher energy states with recoupled pair 
bonds also exist, such as the 2Σ– and 2Δ states characterized in ref. 34). Instead of being 
repulsive as one might expect, this interaction is, in fact, attractive (Figure 3.2). In this 
study, the computed value of re for SCl(a4Σ–) is 2.343 Å at the RCCSD(T)/AV6Z level, 
while the value of De is 22.8 kcal/mol at the RCCSD(T)/CBS level. Thus, the bond in this 
state is about 0.4 Å longer and 45 kcal/mol weaker than that in the ground state. 
Spectroscopic parameters and D0 of SCl(a4Σ–) can be found in Table 3.3. The ωe of 
SCl(a4Σ–) is 356.9 cm-1, which is significantly less than the ground 2Π state (582.3 cm-1). 
The D0 of SCl(a4Σ–) is 22.2 kcal/mol at the RCCSD(T)/CBS level of theory; no 
experimental value is available for comparison. 
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As noted in our previous studies, much insight can be gained into these systems 
by analyzing the orbitals involved in bonding. Differences are expected between SF and 
SCl in both states due to the difference in the electronegativities of F and Cl. Figure 3.3 
depicts the natural orbitals (NOs) and GVB orbitals for the 2Π state of SCl at the 
CAS/AV5Z level of theory; the orbitals of SF(X2Π) at re are included for the sake of 
comparison. At r = ∞, the σ bonding and antibonding NOs are singly occupied; however, 
as the halogen approaches S, the bonding orbital approaches double occupancy as the 
occupation of the antibonding orbital decreases. At r = re, the bonding orbital is much 
more polarized toward F than Cl because the difference in electronegativity between S 
and F is greater than that between S and Cl. Such behavior is even more evident in the 
GVB orbitals. The S 3pσ orbital delocalizes more onto F than it does onto Cl in the two 
diatomic molecules (compare σL for SCl at 1.98 Å with the corresponding orbital in SF at 
1.60 Å); note that part of the difference shown in these orbitals is due to the larger bond 
length in SCl. Both F and Cl are much more electronegative than S, and their orbitals are 
much less perturbed by bond formation than those of sulfur, as one expects. 
Recoupled pair bonding is evident in the progression of the orbitals as a function 
of r for the 4Σ– states of SCl (Figure 3.4) and as shown previously for SF. In the case of 
the natural orbitals, the doubly occupied S 3p orbital becomes an SX bonding orbital as 
the bond forms. As in the formation of the 2Π states, F removes more electron density 
from S than Cl does. As the SX bond forms, the singly occupied halogen p orbital 
becomes an SX antibonding orbital, with substantial amplitude on the side of the S atom 
opposite the halogen as well as in the S–X region. The antibonding character of this 
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orbital accounts for the much longer and weaker bond in the 4Σ– states of SCl and SF, 
while the difference between the antibonding orbitals of the F and Cl cases accounts for 
some of the major differences between the SFn and SFn-1Cl species. 
Further insight into the bonding of the 4Σ– states of SCl and SF can be gained by 
examining the GVB orbitals formed from the NOs in Figure 3.4 and the sulfur 3dz2 virtual 
orbital (not shown since it is only weakly occupied). At long separations, two of the 
electrons are in left and right lobe orbitals derived from the S 3p and S 3dz2 pairs (the 
mixing is small but non-negligible) and the third electron is in the halogen valence p 
orbital. As in the case of the NOs, the lobe orbitals both delocalize onto the halogen and 
form a bond pair, while the halogen orbital becomes an antibonding orbital. The 
additional insight the GVB model provides is evident when comparing the orbitals at 
large separation and re. As indicated in the plots, there is an orbital rearrangement in the 
formation of SX(a4Σ–). The Cl 3p orbital remains largely unchanged but moves from 10σ 
at 3.98 Å to 9σL at re, while the outer lobe orbital (9σL at 3.98 Å) resembles 10σ at re. 
Both orbitals are delocalized onto the other nucleus near re but still retain much of their 
original atomic character. Thus, these orbitals switch places upon bond formation, 
changing in a smooth and continuous manner as a function of internuclear distance. The 
final GVB orbital, the inner lobe orbital of S (9σR), is singlet coupled with the Cl 3p 
orbital at re. Thus, in essence, the S 3p lobe pair has been decoupled to allow one of the S 
lobe orbitals to be recoupled with the Cl 3p orbital to form the SCl bond. The process is 
similar in SF, but the recoupling is more complete as can be seen by the more localized 
density on F (7σL) as compared to Cl (9σL). This is in keeping with the lower 
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electronegativity of Cl and the longer bond of SCl(a4Σ–). We illustrate recoupled pair 
bonding with the GVB diagram in Figure 3.1(b), where the 3p2 pair of electrons is split 
into lobe orbitals, one of which is recoupled with the halogen orbital to form a bond, 
while the other electron is left behind in an orbital with significant antibonding character. 
As noted above, the presence of the singly occupied antibonding orbital in the 4Σ– states 
of SCl and SF accounts for the substantially weaker and longer bonds in these states. 
The bond energies of SCl (Figure 3.5) are smaller than those of SF in both the 
covalent and hypervalent states by about 15 kcal/mol, and the bond lengths are larger by 
~0.4 Å. This can be easily explained by the larger and more diffuse 3p orbitals of Cl, 
which are less efficient at bond formation than the more compact F 2p orbitals. A second 
pronounced difference between SF and SCl is the more dramatic charge transfer in SF, 
which is seen clearly by inspection of the orbital diagrams in Figures 3.3 and 3.4, and is 
explained by the larger electronegativity of F as well as the smaller bond length of SF. 
 3.3.2. SFCl. The bonding in SFCl is similar to that of SF2, with interesting 
differences due to the presence of two different types of bonds: S-F and S-Cl. Structures 
and energetic pathways for the formation of SFCl from SF + Cl and SCl + F from 
RCCSD(T)/AVQZ calculations are depicted in Figure 3.5. Comparison of theoretical 
calculations from this work and experimental measurements can be found in Tables 3.1 
and 3.2. De and D0 values calculated at the RCCSD(T)/AVQZ level of theory are reported 
in Table 3.4. 
The X1A′ ground state of SFCl has (polar) covalent S-F and S-Cl bonds, Figure 
3.1(c). SFCl has been studied by both rotational35 and matrix isolated IR spectroscopy.36 
As illustrated in Figure 3.5, SFCl(X1A′) can be formed either by F(2P) addition to 
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SCl(X2Π) (D0 = 82.3 kcal/mol) or Cl(2P) addition to SF(X2Π) (D0 = 65.4 kcal/mol) by 
singlet coupling the singly occupied orbitals in SX and Y. Both bond energies vary by 
only 0.2 kcal/mol from the calculated covalent bond energies of the diatomic molecules. 
The RCCSD(T)/AVQZ S-F and S-Cl bond lengths are 1.608 Å and 2.002 Å, respectively, 
and are in very good agreement with the (estimated) experimental bond lengths (re) of 
1.60604 Å and 1.99401 Å.35 These values are comparable to those of the covalent (2Π) 
states of SF and SCl, although slightly longer. The RCCSD(T)/AVQZ SFCl bond angle 
of 100.5º, is also in excellent agreement with the (estimated) experimental angle (θe) of 
100.661º.35 This is slightly larger than the expected 90º angle and can be attributed to 
repulsion between the two bond pairs and between the two negatively charged halogens. 
The bond angle for SFCl(X1A′) falls between the smaller bond angle of SF2(X1A1) (97.9º) 
and the larger bond angle of SCl2(X1A1) (102.6º) (as calculated at the same level of 
theory) and is thus consistent with the polarization of the bonds and the distance between 
the halogens in the three species. Our harmonic frequency results are also in very good 
agreement with the experimental values (Table 3.2). The largest error is 12 cm-1 for the 
S-F stretching mode, while the errors for the other two modes are between 1-3 cm-1. 
The first excited state of SFCl has 3A″ symmetry. The global minimum on this 
PES lies 33.9 kcal/mol above the ground state (2 in Figure 3.5). It can be formed by 
bonding Cl and F to the singly occupied antibonding orbital of the 4Σ– states of SF or SCl, 
respectively. Both electrons of the 3p2 recoupled pair are used in the bonds of this isomer 
of the a3A″ state. The S-F and S-Cl bond lengths are 1.668 Å and 2.118 Å, respectively, 
and the bond angle is 152.9° (RCCSD(T)/AVQZ). The barrier to inversion through a 
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linear 3Σ– TS is 2.6 kcal/mol at the RCCSD(T)/AVTZ level. The two singly occupied, 
triplet coupled orbitals in SFCl(a3A″) 2 are derived from S 3p orbitals: the in-plane 
orbital is distorted due to the influence of the orbital pair derived from the S 3s2 [see 
Figure 3.6(a)], while the out-of-plane orbital still very much resembles an S 3p orbital 
(not shown). The bond energies are 78.1 kcal/mol for addition of Cl to SF(a4Σ–) and 92.2 
kcal/mol for F addition to SCl(a4Σ–). In common with prior studies of SFn and ClFn 
species, the second bond energies are significantly greater than the covalent bond 
energies for the formation of SF(X2Π), SCl(X2Π), and SFCl(X1A′), and the length of the 
first bond decreases by about 0.2 Å upon formation of the second bond. This behavior 
was codified in the guidelines given in Chen et al.2 and occurs because the bond formed 
upon addition of the second halogen atom greatly reduces the antibonding character of 
the singly occupied orbital that remains after recoupling in the formation of SX(a4Σ–). 
Since SFCl can be formed by two pathways, it presents an opportunity to examine 
the effect of Cl on the SF bond and the effect of F on the SCl bond. We performed two 
1D scans of linear SFCl(a3A″) 2, where the state symmetry is SFCl(3Σ–). The two 
reactions studied were F(2P) + SCl(a4Σ–) and Cl(2P) + SF(a4Σ–). The SX(a4Σ–) bond 
length is frozen at its RCCSD(T)/AVQZ minimum distance, and the second halogen is 
stepped closer to the diatomic until the RCCSD(T)/AVQZ energy of the system is 
minimal. Figure 3.7 shows GVB orbitals for both reactions. In each case, there is once 
again only a very small change in the halogen’s orbital. However as rSX decreases, 
increasingly more of the antibonding orbital amplitude is transferred to the halogen atom 
in the new bond. Finally at re, almost all of the antibonding character has been removed, 
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which accounts for both the larger XS-Y bond energies in SFCl(a3A″) 2 and the drastic 
shortening (0.2 Å) of the bonds relative to the SX(a4Σ–) diatomic species. It is quite clear 
that once again the more electronegative element has greater impact: F removes more of 
the antibonding character of the orbital from SCl(a4Σ–) than Cl removes from the orbital 
of SF(a4Σ–). 
The GVB diagram of SX(a4Σ–), Figure 3.1(b), suggests the existence of two other 
low-lying SFCl(a3A″) isomers, where the second halogen covalently bonds to the 
singly-occupied π orbital of SF(a4Σ–) or SCl(a4Σ–). In SF2, this yields a 3A2 state where 
symmetry forces each bond to be a combination of covalent and recoupled pair bonding.1 
In SFCl, mixing of the character of the two bonds is much smaller and consequently there 
are two distinct isomers. One of these isomers has a covalent S-F bond and a recoupled 
S-Cl bond (3) and lies 14.0 kcal/mol above 2. The S-F and S-Cl bond lengths are 1.575 Å 
and 2.345 Å respectively and the bond angle is 88.2º (Figure 3.5). The other isomer has 
the opposite bonding pattern of 3, where the S-F bond is recoupled and the S-Cl bond is 
covalent (4). This minimum lies only 4.9 kcal/mol above 3. The S-F and S-Cl bond 
lengths of 4 are 1.885 Å and 1.967 Å respectively, and the angle is 89.5º. In both isomers, 
the singly occupied a′ orbital (see Fig. 3.6) is an antibonding orbital associated with the 
recoupled pair bond (the singly occupied a″ orbitals are essentially S 3p orbitals and are 
not shown). 
Each of these isomers can be formed by two pathways. For SFCl(a3A″) 3, Cl(2P) 
can be added to the lone pair of S in SF(X2Π) forming an S-Cl recoupled bond (D0=17.5 
kcal/mol) or F can be added to a singly occupied π orbital of SCl(a4Σ–) forming a 
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covalent S-F bond (D0=78.2 kcal/mol). For SFCl(a3A″) 4, F(2P) can attack the lone pair 
of S in SCl(X2Π) forming an S-F recoupled bond (D0 = 29.5 kcal/mol) or Cl(2P) can be 
covalently bonded to a singly occupied π orbital of SF(a4Σ–) (D0 = 59.2 kcal/mol). The 
bond energies are again in keeping with what is typical for recoupled and covalent bonds, 
respectively. 
The two mixed recoupled-covalent isomers, 3 and 4, are, in effect, bond-stretch 
isomers, a phenomenon that has been much debated.37-39 It remains unclear if any cases 
have been definitively observed. To further characterize the potential energy surface for 
the SFCl(a3A″) state, we located the saddle points between 2, 3 and 4 and report barriers 
at the RCCSD(T)/AVTZ level of theory. The barrier for 4→3 is a mere 0.51 kcal/mol. 
This is far too small for the isomers to be experimentally resolvable. To further 
complicate the situation, the saddle point barriers for isomerizations 3→2 and 4→2 are 
just 0.90 and 0.55 kcal/mol, respectively. Thus, the vibrational states and spectra of 
SFCl(a3A″) will be very complicated. At low energy the vibrational states of SFCl(a3A″) 
will look like the states of 2, but at higher energies (above 14 kcal/mol relative to 2) the 
vibrational states will become very complex, reflecting 2, 3 and 4. Details on the 
transition state structures can be found in the SI. 
It is important to note that the bond-stretch isomer with the S-Cl recoupled pair 
bond and S-F covalent bond (3) is about 5 kcal/mol more stable than the isomer where 
the bonding types are reversed. Since in each case the bond pair involved with the 
recoupled pair bond is accompanied by an antibonding orbital, this implies that the singly 
occupied S-Cl antibonding orbital is less destabilizing than the S-F analog. This behavior 
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recurs in SF2Cl and SF4Cl and allows us to explain isomer relative stabilities and 
apicophilicities.  
3.3.3. SF2Cl. Isomerism in SF2Cl. Bonding in SF2Cl is analogous to SF3, but 
single Cl substitution yields three isomers (all doublets) rather than the single SF3 
structure, which includes a combination of bonding not observed in SF3. The 
RCCSD(T)/AVQZ geometries and relative energies are shown in Fig. 3.8. No SF2Cl 
structure has been observed experimentally. We again see a small preference for Cl to be 
involved in the recoupled pair bond. GVB diagrams are shown in Figure 3.9.  
The two most stable minima are analogues in geometry to that of SF3. They are 
nearly degenerate in energy, and consist of a pair of recoupled pair bonds and one 
covalent bond. In these two isomers, the Cl is either in one of the two axial (recoupled) 
positions or in the single equatorial (covalent) position. These isomers will be referred to 
as SF2Cl-axial (5) and SF2Cl-equatorial (6) respectively, where the spatial label refers to 
the position of the Cl atom. Isomer 5, which is the lowest energy isomer, has C1 
symmetry. Its S-F and S-Cl recoupled pair bond lengths are 1.648 Å and 2.148 Å 
respectively, and the Frecoupled-S-Clrecoupled angle is 150.8º. Structure 5 can be formed by 
adding F to SFCl(a3A″) 2, and the geometrical parameters of the two structures are very 
similar. The length of the covalent S-F bond of 5 is 1.573 Å as compared to 1.601 Å for 
SF(X2Π). Isomer 6 lies just 0.6 kcal/mol above isomer 5, has Cs symmetry, and is 
composed of a pair of S-F recoupled pair bonds (1.681 Å) and an S-Cl covalent bond 
(2.000 Å). The F-S-F angle is 162.5º. Structure 6 can be formed by adding Cl to 
SF2(a3B1), where the bond lengths are 1.666 Å and the F-S-F angle is 162.6º. The 
covalent S-Cl bond length is slightly longer than that of SCl(X2Π) (1.984 Å). 
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The third SF2Cl minimum (7) is pyramidal. Its bonding consists of one recoupled 
S-Cl bond and two covalent S-F bonds and is designated SF2Cl-recoupled. It lies 8.2 
kcal/mol above 6 and has no analog in SF3. The geometry of 7 belongs to the Cs point 
group. The recoupled S-Cl bond and the two S-F covalent bonds have lengths of 2.371 Å, 
and 1.559 Å respectively. These are typical for such bonds as seen by comparison to the 
bond lengths of SCl(a4Σ–) (2.353 Å) and SF2(X1A1) (1.592 Å). The GVB diagram for 7 
(Figure 3.9) predicts mutual bond angles of 90º, and indeed the Cl-S-F bond angles are 
89.9° and the F-S-F bond angle is 100.1° (Figure 3.8). Because there is only one 
recoupled pair bond, the unpaired electron resides in a singly occupied strongly 
antibonding orbital, while the singly occupied orbitals of the other two isomers are 
distorted p orbitals (Figure 3.9). This undoubtedly accounts for the reduced stability of 7 
with respect to 5 and 6.  
A structure related to 7, where the Cl atom is swapped with one of the equatorial 
F atoms, thus putting F in the recoupled position, is not a minimum on the PES. 
Furthermore, the energy of the region of the PES where the isomer is expected to be is ~4 
kcal/mol greater than SF2Cl-recoupled (7) at the RCCSD(T)/AVTZ level. As noted, 
above, the corresponding isomer also does not exist for SF3. This is the second 
occurrence of the behavior where an isomer with Cl in the recoupled position associated 
with the singly occupied antibonding orbital is more stable than an isomer with F in this 
position. 
There are many reaction paths possible for the formation of the isomers of SF2Cl. 
The bond energies are reported in Table 3.5. All the different bonding modes of SF2Cl 
contain those previously discussed in SX and SXY with the addition of a new one best 
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described as “recoupling with rearrangement” (described below). Because of the sheer 
number of possible reaction paths and the similarity to the other cases, for the sake of 
brevity we will only discuss those of SF2Cl-axial (5). With the principles described above 
and those described below for SF2Cl-axial, the formation pathways to SF2Cl-equatorial 
and SF2Cl-recoupled are straightforward extensions. 
Formation pathways to SF2Cl-axial. In analogy to the formation of SF3 from the 
three low-lying singlet and triplet states of SF2,1 we examined five reaction paths for 
forming SF2Cl-axial (5) by addition of F or Cl to states of SFCl or SF2. (refer to the GVB 
diagrams for SXY in Figure 3.1). SF2Cl-axial can be obtained by covalently bonding an F 
atom to the singly occupied out of out-of-plane π orbital derived from S 3p of 
SFCl(a3A″) 2 with a bond energy (D0 = 80.6 kcal/mol) very close to that of SF(X2Π), 
where the triplet coupling between singly occupied orbitals is also disrupted by bond 
formation. A second reaction path involves starting from SFCl(a3A″) 3 and bonding F to 
the singly occupied a′ antibonding orbital, where the bond energy (D0 = 94.7 kcal/mol) is 
about 15 kcal/mol stronger. Another reaction of this type occurs if Cl bonds with the 
singly occupied antibonding orbital of SF2(b3A2), which yields an S-Cl bond (D0 = 71.8 
kcal/mol) that is about 6 kcal/mol stronger than that of SCl(X2Π). [SF2(b3A2) is of the 
type shown in Figure 3.1(e), except that the bonds are equivalent; it is a resonance 
between the two combinations of covalent and recoupled pair bonding.1]  
The final two reaction paths to SF2Cl-axial involve additional rearrangement of 
the electronic structure of the molecules beyond what is observed in simple recoupled 
pair bonding found in species such as SCl(a4Σ–). As previously discussed for the 
analogous reaction to form SF3 from SF2(X1A1) + F(2P) and codified in guideline (B) in 
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our study of ClFn reactions,2 the rearrangement converts a covalent bond into the other 
half of a recoupled pair bond dyad due to the greater stability of this bonding 
arrangement. To study this type of reaction, a constrained optimization was done at the 
B3LYP/AVTZ level. Starting from SF2Cl-axial (5), the distance to one of the axial 
ligands was varied while the remaining degrees of freedom were simultaneously 
optimized. First, consider the reaction SFCl(X1A′) + F(2P) (Figure 3.10), in which the 
incoming F approaches the S 3p2 pair nearly perpendicular to the SFCl plane. As the 
bond forms, the 3p2 pair becomes recoupled; however, a drastic geometric rearrangement 
takes place simultaneously in which the angle between the approaching F, S and Cl 
increases. This is accompanied by a bonding rearrangement such that the product has a 
recoupled pair bond dyad, and one covalent bond resulting in SF2Cl-axial (5). The 
molecular orbitals show that the S 3p pair becomes an S-F bonding orbital, while the F 2p 
orbital becomes the singly occupied orbital that is largely localized on S. Consistent with 
the known energetic cost of recoupling, the bond energy is 46.7 kcal/mol, much weaker 
than the SF(X2Π) bond energy of 82.1 kcal/mol; however the bond is also 11.1 kcal/mol 
stronger than the recoupled bond energy of SF(a4Σ–). This is due to the energetic 
favorability of rearranging the bonding to avoid the creation of a singly occupied 
antibonding orbital. The final reaction path to SF2Cl-axial also involves recoupling and 
rearrangement, in which Cl is added to SF2(X1A1). The energy of this reaction (D0 = 22.7 
kcal/mol) is, however, only slightly larger than simple recoupling [compared, for 
example, to the 21.4 kcal/mol bond energy to form SCl(a4Σ–)]. This is further evidence 
that placing an electron in the antibonding orbital destabilizes S-Cl bonds less than S-F 
bonds. 
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3.3.4. SF3Cl. There are two Cs symmetric isomers of SF3Cl(1A′) shown in Figure 
3.8 that are analogous to the single C2V minimum of SF4(1A1); all have sawhorse 
structures. SF3Cl has been studied by matrix isolated vibrational spectroscopy by 
Minkwitz et al.40 Comparison of our predicted harmonic frequencies with the 
experimental (anharmonic and matrix perturbed) data is presented in Table 3.2. SF3Cl is 
composed of a recoupled pair bond dyad derived from the S 3p2 pair and two covalent 
bonds derived from the singly occupied S 3p orbitals. The axial and equatorial positions 
correspond to the recoupled pair and covalent bonds, respectively. The Cl may reside in 
the equatorial (SF3Cl-equatorial) or axial (SF3Cl-axial) position. The geometric trends 
observed in SF3Cl are similar to those exhibited by the SFn series. The geometric 
parameters of the two isomers differ little from those of a pair of recoupled pair bonds or 
a pair of covalent bonds. Expectations for recoupled pair bond parameters are derived 
from structures such as SF2Cl-axial and SF2Cl-equatorial, while those of covalent bonds 
are derived from all three isomers of SF2Cl, SFCl(X1A′) and SF2(X1A1). For example, the 
S-Faxial bond length in SF3Cl-equatorial is 1.662 Å compared to 1.681 Å in 
SF2Cl-equatorial. The two isomers of SF3Cl are nearly degenerate in energy. Specifically, 
SF3Cl-equatorial is only 0.8 kcal/mol more stable than SF3Cl-axial. Indeed, these are so 
close in energy as to be considered degenerate given the accuracy of the ab initio 
methods used. 
In their study of the vibrational spectra of matrix-isolated SF3Cl, Minkwitz and 
coworkers assigned the measured vibrational spectrum to SF3Cl-equatorial. In Table 3.2, 
we compare B3LYP/AVTZ and PBE0/AVTZ calculated frequencies with the 
experimental results. Assuming that this assignment is correct, the PBE0 frequencies 
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reproduce the experimental spectrum better than the B3LYP frequencies. Furthermore, 
the B3LYP frequencies are consistently lower than the experimental results, when it is 
usually expected that they will be larger due to the anharmonicity in the experimental 
frequencies; however, PBE0 frequencies of SF3Cl are larger than the experimental values. 
Our frequency calculations suggest that the experimental interpretation of the spectrum as 
being due to SF3Cl-equatorial is correct. There are nine normal modes for SF3Cl, but only 
four were reported by Minkwitz. The four modes observed by Minkwitz correspond to 
the four most intense modes according to the B3LYP and PBE0 intensities. According to 
our PBE0/AVTZ calculations, the fifth most intense band (FaxSFax bend) is  about 5 times 
less intense than the fourth most intense band (S-Cl str, see footnotes of Table 3.2), and 
about 43 times less intense than the most intense band (SFax asym str). We have 
optimized the TS between the two isomers of SF3Cl using B3LYP/AVTZ. A single point 
RCCSD(T)/AVTZ energy calculation of the TS was used in barrier height calculations. 
The B3LYP/AVTZ frequencies were used to ZPE correct the RCCSD(T)/AVTZ 
energies. The ZPE corrected barriers between SF3Cl-equatorial and SF3Cl-axial were 
found to be 11.1 kcal/mol and 9.9 kcal/mol respectively.  
SF3Cl-equatorial can be formed by covalent additions of F(2P) to SF2Cl-equatorial 
(6) (D0 = 89.1 kcal/mol) and Cl(2P) to SF3(2A′) (D0 = 56.8 kcal/mol). SF4(1A1) is also 
formed by analogous covalent addition of F(2P) to SF3(2A′) (D0 = 96.0 kcal/mol). 
SF3Cl-axial is also derived from the covalent bond forming reaction F(2P) + SF2Cl-axial 
(5) (D0 = 87.7 kcal/mol). In contrast to SF4 and SF3Cl-equatorial, SF3Cl-axial can also be 
formed by adding F(2P) to SF2Cl-recoupled (7) with a D0 of 96.4 kcal/mol, which is 7 
kcal/mol greater than the other S-F covalent bond energies of both isomers of SF3Cl. This 
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reaction path is of the type “covalent with antibonding electron” and is stronger than 
typical covalent bonds forming SF3Cl as predicted by the recoupled pair bonding model.  
3.3.5. SF4Cl. There are two isomers of SF4Cl (Figure 3.11) with Cl residing in 
either the axial or equatorial position, which we designate as SF4Cl-axial(2A′) and 
SF4Cl-equatorial(2A1) respectively. The structures of these isomers are analogous to the 
structure of SF5. The SF4Cl-equatorial minimum, which has C4V symmetry, was obtained 
at the RCCSD(T)/AVQZ level, but because of reduced symmetry (Cs) and increased 
computational cost, SF4Cl-axial was minimized at the RCCSD(T)/AVTZ level; however, 
the RCCSD(T)/AVQZ energy of SF4Cl-axial computed at the RCCSD(T)/AVTZ 
geometry was used for subsequent calculations. 
There are significant energetic differences between the isomers of SF4Cl. The 
SF4Cl-axial isomer is 8.4 kcal/mol more stable than the SF4Cl-equatorial isomer. SF4Cl is 
a doublet species, and the singly occupied orbital has antibonding character on the axial 
ligands (Figure 3.12). As in SFCl(a3A″) 3 and 4, and SF2Cl-recoupled, the isomer with Cl 
taking part in this orbital (SF4Cl-axial) is significantly more stable than the isomer with F 
is in this position (SF4Cl-equatorial). 
SF4Cl can be formed from additions of halogens to SF3Cl or SF4. Our previous 
study of SF4(1A1) + F(2P) revealed that this reaction involved recoupling the 3s pair of S. 
Like SF4 + F, the routes to formation of SF4Cl will involve such a path. Reactions 
forming SF4Cl were studied by 1-D scans starting from either isomer where the bond 
length of a chosen atom was increased to the dissociated limit. Orbitals at the 
CAS/AVDZ level were generated, and MRCI+Q energies calculated. One such path 
shows that SF4Cl-axial can be formed by adding F anti to Cl in the SFequatorialClequatorial plane 
46 
of SF3Cl-equatorial. Orbitals for this path (Figure 3.13) at large separations include a 
polarized sulfur 3s2 pair and a singly occupied fluorine 2p orbital. Similar to what we saw 
for SF5,1 as the bond forms, the doubly occupied sulfur orbital is delocalized into a 
bonding orbital between S and F, while the singly occupied F orbital becomes delocalized 
into an antibonding orbital. Recall that this is exactly what occurs in the excited 4Σ– 
(recoupled) states of SCl and SF and elsewhere. Again, in keeping with the energetic cost 
of recoupling, we see that the bond energy for this barrierless path is 43.1 kcal/mol, far 
smaller than a typical S-F covalent bond (~80 kcal/mol). Starting from SF3Cl-equatorial, 
the incoming F can also approach anti to the equatorial fluorine to form SF4Cl-equatorial. 
There are other permutations of these reactions, and their bond energies are shown in 
Table 3.5. Notably, the bond energy for adding Cl(2P) to SF4(1A1) is very weak (3.9 
kcal/mol) due to the fact that SF4Cl-axial and SF4 + Cl are nearly degenerate in energy. 
Similar to the formation of SF5, the reaction paths discussed above exhibit some 
bonding rearrangement. This is easiest to see in the case of SF4Cl-equatorial, which can 
be formed by adding F to SF3Cl-equatorial, where the F atoms approaches anti to the 
equatorial fluorine. There is no longer any S-F bond of a typical covalent length in 
SF4Cl-equatorial upon formation. In fact the bonding rearrangement has equalized all of 
the S-F bond lengths to that of a typical recoupled pair bond to give a molecule of C4V 
symmetry (Figure 3.11). 
3.3.6. SF5Cl. There is one minimum for SF5Cl with C4V symmetry (see Figure 
3.11), analogous to octahedral SF6. SF5Cl has been previously studied by microwave41,42 
and vibrational43-48 spectroscopy, electron diffraction49,50 and mass spectrometry.51-57 Our 
geometric parameters agree very well with those of the microwave and diffraction studies 
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(Table 3.1). In particular, the largest error in bond length with respect to the electron 
diffraction results50 is 0.003 Å. Likewise, the error in the Cl-S-Feq bond angle is only 
about 0.1°. Our SF5-Cl bond energy (D0 = 60.5 kcal/mol at the RCCSD(T)/AVQZ level) 
is also in good agreement with that of the MS study53: (62.3 ± 3.5 kcal/mol). 
Comparisons of our calculated harmonic frequencies of SF5Cl to experimental results58 
are reported in Table 3.2. As noted for SF3Cl, the PBE0 frequencies show better 
agreement with experimental results than B3LYP frequencies. 
SF5Cl(1A1) can be formed via several different pathways. A straightforward 
covalent bond can be formed by adding F or Cl to the antibonding orbital in three 
precursors: SF5(2A1), SF4Cl-axial(2A′) and SF4Cl-equatorial(2A1). The bond energies 
shown in Table 3.5 are largely in keeping with what is expected from the recoupled pair 
bond model: the fluorine additions result in bonds at least 13 kcal/mol stronger than the 
bond energy of SF(X2Π). In contrast, the SF5 + Cl bond energy is weaker than that of 
SCl(X2Π). This reversal in the trend occurs because there is a competing trend in which 
S-Cl bonds tend to become weaker as the total number of ligands increases. This will be 
discussed in a companion paper on SCln(n = 1-6).  
3.3.7. Substituent Effects. Substituting one F of the SFn species with Cl has a 
pronounced and quite consistent substituent effect on the S-F bond energies. Specifically, 
the S-F bonds are in almost every case weaker in the SFn-1Cl series as compared to SFn. 
This behavior applies not only to covalent bonds but to all bond types: covalent, 
recoupled pair, recoupled pair with rearrangement, and covalent with an antibonding 
electron. The top panel of Figure 3.14 shows this behavior via sequential bond energies 
for SFn and SFn-1Cl. The familiar oscillating59 pattern in the bond energies is accounted 
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for straightforwardly by the recoupled pair bond model. For SFn, the first bond forming 
SF(X2Π) is a simple covalent bond, as is the second bond forming SF2(X1A1). To form 
SF3(2A′) the S 3p2 pair must be recoupled. Thus the bond is relatively weak. The addition 
of another F to SF3 forms a straightforward covalent bond. As such the process continues 
to SF6. It is clear from the plots that the bond energies of SFn-1Cl are quite consistently 
weaker than SFn, with the exception of n = 5; this is due to the notable stability of 
SF4Cl-axial with respect to SF4Cl-equatorial as discussed above.  
There is a simple explanation for this widespread behavior of S-F bond 
weakening in SFn-1Cl. The relative energies of all of the states and isomers of SFn-1Cl that 
were studied are plotted with respect to the analogous states of SFn (Figure 3.14, bottom 
panel). Cl→F substitution has a consistent destabilization effect that increases in 
magnitude as n increases. Indeed, the data can be fit quite well to a line with r2=0.886, 
and a slope of 5.72 kcal/mol which represents the average S-F bond weakening that can 
be expected for the SFn-1Cl series with respect to SFn. 
3.4. Conclusions 
We have used high-level electronic structure theory to calculate energy minima, 
equilibrium geometries, transition states, and bond energies of the SFn-1Cl series. Our 
emphasis is on bonding and isomerism, and in particular we have used the recoupled pair 
bonding model to guide us in the search for the structures and energies of the ground and 
low-lying excited states of these species. The model provides a clear rationale for 
predicting molecular geometries, bond energies and excitation energies. The SFn-1Cl 
series allowed us to test and refine the recoupled pair bonding model by examining the 
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impact of substituting a Cl for an F atom on isomeric stability in species that do not have 
analogs in the SFn family. 
The recoupled pair bonding model successfully predicted the existence of several 
isomers that might otherwise be overlooked, such as the two mixed recoupled-covalent 
isomers of SFCl(a3A′′) (3 and 4). These are a concrete example of bond-stretch isomers 
as manifested by alternation in bond type: in one isomer there is a covalent bond between 
S and F and a recoupled pair bond between S and Cl, but in the other isomer the bonding 
is reversed from this. The unusual SF2Cl-recoupled (7) isomer has two covalent S-F 
bonds and one recoupled S-Cl bond, and is another example of an isomer that might have 
been overlooked without the insight provided by recoupled pair bonding theory. 
The recoupled pair bonding model provides a very clear rationale for variations in 
bond energies. For example, the oscillating pattern of bond energies in SFn and SFn-1Cl is 
easily explained by the difference in bond strength between a strong covalent bond and 
weak recoupled pair bond. 
We have discovered an interesting correlation between orbitals and geometric 
isomerism: the only isomers in SFn-1Cl for which there is an appreciable energetic 
difference have a singly occupied antibonding orbital remaining from the recoupling 
process, and in every case the more stable isomer is the one where this orbital has 
appreciable density across a recoupled pair S-Cl bond. This occurs in three instances:  the 
SFCl (a3A″) mixed recoupled-covalent isomers (3 and 4), the SF2Cl-recoupled (7) and its 
(nonexistent) F-recoupled analog, and the SF4Cl-axial and SF4Cl-equatorial isomers. All 
other isomers are nearly degenerate in energy.  
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Finally, Cl has a very consistent substituent effect on the S-F bond energies of 
SFn-1Cl. Nearly every S-F bond energy of SFn-1Cl is weaker than the corresponding bond 
energy of SFn, and we have discovered that this is because of the consistent 
destabilization of SFn-1Cl with respect to SFn. This behavior becomes more prevalent 
(linearly) as n increases. 
A similar study on the PFn-1Cl series is currently in progress, which will allow us 
to study similar isomeric and substituent effects in these species. The results will be 
compared against a recently completed study of covalent and recoupled pair bonding in 
PFn species. We are also currently studying the noble gas halides to determine what role 
recoupled pair bonding plays in the hypervalency of those species.  
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3.6. Tables 
Table 3.1. Comparison of theoretical calculations of geometric parameters from this 
work with experimental values.  
species parametera theory experiment 
    
SCl(X2Π) S-Cl 1.978b 1.97529(24)d 
    
SFCl(X1A′) S-F 1.608c 1.60604e 
 S-Cl 2.002c  1.99401e 
 F-S-Cl 100.5c  100.661e 
    
SF5Cl(1A1) S-Cl 2.053c 2.0549(40)f 
 S-F(anti Cl) 1.564c 1.567(16)f 
 S-F(anti F) 1.570c 1.571(4)f 
 Cl-S-F(anti F) 90.6c 90.48(0.20)f 
a Bond lengths in Å; angles in degrees. b RCCSD(T)/AV6Z. c RCCSD(T)/AVQZ. 
dRef 28 (re structure); error in parentheses is three standard deviations. e Ref 35 (re 
structure). f Ref 50 (rg, ∠α structure); error in parentheses is 2.5 standard deviations. 
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Table 3.2. Comparison of theoretical calculations of spectroscopic properties (cm-1) from 
this work with experimental values. 
species property theory experiment 
     
SCl(X2Π) ωe 582.3a  574.61270(81)e 
    579.68485(43)f 
    576.86540(55)g 
 ωexe 2.44a  2.53750(20)f 
    2.52392(35)g 
 Be 0.2580a  0.258688(63)e 
    0.2588307(85)f 
    0.2586636(110)g 
     
SFCl(X1A′) S-F str 790b  777.8h 
 S-Cl str 544b  543.2h 
 Bend 271b  274.0h 
     
SF3Cl-eq(1A′) S-Cl str 487c 514d 506i 
 SFax sym str 586c 618d 606i 
 SFax asym str 667c 703d 668i 
 S-Feq stretch 816c 852d 841i 
     
SF5Cl(1A1) A1 819c 856d 855j 
 A1 679c 713d 707j 
 A1 579c 598d 602j 
 A1 376c 402d 402j 
 B2 598c 627d 625j 
 B2 324c 334d 271j,k 
 B1 486c 501d 505j 
 E 875c 919d 909j 
 E 559c 575d 579j 
 E 423c 438d 441j 
 E 255c 265d 397j,k 
a RCCSD(T)/AV6Z. b RCCSD(T)/AVTZ. c B3LYP/AVTZ. d PBE0/AVTZ; S-Cl str and 
SFax sym str modes are difficult to assign for SF3Cl since the eigenvectors show a mixture 
of each stretch. SF5Cl symmetry labels are taken from the theoretical calculations. 
Symmetry labels for of the experimental reference have opposite definitions of B2 and B1. 
e Ref 28. Error in parentheses is three standard deviations. f Ref 29, ν2-1 band of 2Π3/2; error 
in parentheses is two standard deviations. g Ref 29, ν1-0 band of 2Π1/2; error in parentheses 
is two standard deviations. h Ref 36, in Ar matrix. i Ref 40. j Ref 58. k If these bands are 
reversed, much better agreement is achieved, which has been noted by several previous 
studies.6,49,60  
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Table 3.3. Spectroscopic parameters for SCl.a 
property SCl(X2Π) SCl(a4Σ–) 
   
De/AV6Z 67.8 22.7 
De/CBS 68.1 22.8 
   
ωe 582.3 356.9 
ωexe 2.44 1.91 
   
D0/AV6Z 67.0 22.1 
D0/CBS  67.3 22.2 
a Bond energies are in kcal/mol, and ωe and ωexe are in cm-1. 
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Table 3.4. SF, SCl and SFCl De (kcal/mol) and D0 (kcal/mol) values at the 
RCCSD(T)/AVQZ level.a  
reactants product state bond type De D0 
      
S + F SF X2Π F covalent 83.3 82.1 
S + F SF a4Σ– F recoupled 36.2 35.6 
      
S + Cl SCl X2Π Cl covalent 66.0 65.2 
S + Cl SCl a4Σ– Cl recoupled 21.9 21.4 
      
SCl(2Π) + F SFCl X1A′ F covalent 83.8 82.3 
SF(2Π) + Cl SFCl X1A′ Cl covalent 66.5 65.4 
      
SCl(4Σ–) + F SFCl(2) a3A″ F w/ antibondb 93.4 92.2 
SF(4Σ–) + Cl SFCl(2) a3A″ Cl w/ antibondb 79.1 78.1 
      
SCl(4Σ–) + F SFCl(3) a3A″ F covalent 79.5 78.2 
SF(2Π) + Cl SFCl(3) a3A″ Cl recoupled 18.1 17.5 
      
SF(4Σ–) + Cl SFCl(4) a3A″ Cl covalent 60.1 59.2 
SCl(2Π) + F SFCl(4) a3A″ F recoupled 30.3 29.5 
a See methods section for details on the zero-point energy correction; all halogens are in 
their ground electronic state. b Covalent bond with an electron in an antibonding orbital. 
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Table 3.5. SFn-1Cl (n=3-6) De (kcal/mol) and D0 (kcal/mol) values at the RCCSD(T)/AVQZ level.a 
reactants product state bond type De D0 
      
SFCl(a3A″) (2) + F SF2Cl-axial (5) 2A F covalent 82.7 80.6 
SFCl(a3A″) (3) + F SF2Cl-axial (5) 2A F w/ antibondb 96.5 94.7 
SF2(b3A2) + Cl SF2Cl-axial (5) 2A Cl w/ antibondb 73.6 71.8 
SFCl(X1A′) + F SF2Cl-axial (5) 2A F w/ rearrangec 48.2 46.7 
SF2(X1A1) + Cl SF2Cl-axial (5) 2A Cl w/ rearrangec 23.6 22.7 
      
SFCl(a3A″) (4) + F SF2Cl-equatorial (6) 2A′ F w/ antibondb 100.8 99.0 
SFCl(X1A′) + F SF2Cl-equatorial (6) 2A′ F w/ rearrangec 47.4 46.2 
SF2(a3B1) + Cl SF2Cl-equatorial (6) 2A′ Cl covalent 54.6 53.2 
      
SFCl(a3A″) (3) + F SF2Cl-recoupled (7) 2A′ F covalent 87.8 85.9 
SF2(X1A1) + Cl SF2Cl-recoupled (7) 2A′ Cl recoupled 14.9 14.0 
      
SF2Cl-axial(2A) (5) + F SF3Cl-axial 1A′ F covalent 90.2 87.7 
SF2Cl-recoupled(2A′) (7) 
 + F SF3Cl-axial 1A′ F w/ antibondb 98.9 96.4 
      
SF2Cl-equatorial(2A′) (6) 
 + F SF3Cl-equatorial 1A′ F covalent 91.7 89.1 
SF3(2A′) + Cl SF3Cl-equatorial 1A′ Cl covalent 58.5 56.8 
      
SF3Cl-axial(1A′) + F SF4Cl-axial 2A′ F w/ rearrangec 45.7 44.0 
SF3Cl-equatorial(1A′) + F SF4Cl-axial 2A′ F w/ rearrangec 45.1 43.1 
SF4(1A1) + Cl SF4Cl-axial 2A′ Cl w/ rearrangec 4.8 3.9 
SF3Cl-equatorial(1A′) + F SF4Cl-equatorial 2A1 F w/ rearrangec 36.5 34.7 
      
SF4Cl-equatorial(2A1) + F SF5Cl 1A1 F w/ antibondb 107.6 103.9 
SF4Cl-axial(2A′) + F SF5Cl 1A1 F w/ antibondb 99.1 95.5 
SF5(2A1) + Cl SF5Cl 1A1 Cl w/ antibondb 62.9 60.5 
a See methods section for details on the zero-point energy correction. All halogens are in their ground 
electronic state. b Covalent bond with an electron in an antibonding orbital. c Recoupled pair bond 
with geometric and electronic rearrangement. 
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3.7. Figures 
 
Figure 3.1. GVB orbital coupling diagrams for SX and SXY (X,Y={F,Cl}). All orbitals 
are either p orbitals or derived from p orbitals. Lobe orbitals are illustrated as polarized p 
orbitals in b, c, d and e. The p orbitals are shown with their positive (open) and negative 
(filled) lobes. a) SX(X2Π) state, b) SX(a4Σ–) state, c) SXY(X1A′) state, d) SXY(a3A″) 
state, and e) SXY(a3A″) state. 
 
 
 
 
 
Figure 3.2. Potential energy curves of the ground (X2Π) and excited (a4Σ–) states of SCl 
at the MRCI+Q/AV5Z level of theory. 
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Figure 3.3. Natural and GVB orbitals for the formation of the ground (X2Π) states of SCl 
and SF at specified separations (Å) as calculated at the CAS/AV5Z level of theory. NO 
occupations (occ) and GVB orbital overlaps (s) are shown. 
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Figure 3.4. Natural and GVB orbitals for the formation of the excited (a4Σ–) states of SCl 
and SF at specified separations (Å) as calculated at the CAS/AV5Z level of theory. NO 
occupations (occ) and GVB orbital overlaps (s) are shown.  
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Figure 3.5. Equilibrium geometries, relative energies, and bond energies (D0) for SF, 
SCl, and SFCl RCCSD(T)/AVQZ minima. Energies are in kcal/mol; bond lengths are in 
Å. Bond energies are color coded by bond type as indicated in the key. The line type 
indicates whether an addition is S-F (solid) or S-Cl (dashed). 
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Figure 3.6. Singly occupied a′ orbitals of the three isomers of SFCl(a3A′′) at the 
HF/AVQZ level. 
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Figure 3.7. GVB orbitals for the formation of SFCl(3Σ–) via Y(2P) + SX(a4Σ–). S-Y 
internuclear distances (r) and orbital overlaps (s) are shown. The rsx distance is frozen at 
the minimum internuclear distance of SX(a4Σ–) at the RCCSD(T)/AVQZ level, and the 
scan is terminated when the RCCSD(T)/AVQZ energy of the entire system is minimal. 
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Figure 3.8. RCCSD(T)/AVQZ minima of SFn-1Cl (n=3,4). ZPE corrected relative 
energies are indicated by arrows pointing toward the higher energy structures. Bond 
lengths are in Å. 
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Figure 3.9. GVB coupling diagrams and corresponding singly occupied HF/AVQZ 
orbitals for the three isomers of SF2Cl. Horizontal arrows show relative energies at the 
RCCSD(T)/AVQZ level; stability decreases from left to right. The GVB diagrams for 
SF2Cl-axial and SF2Cl-equatorial have been oriented such that the axial ligands are 
bending toward the reader out of the plane of the page. 
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Figure 3.10. Molecular orbitals (CAS/AVDZ) for SFCl(X1A′) + F(2P)→ SF2Cl-axial (5) 
(recoupling with rearrangement pathway). Distances between S and the incoming F are 
shown for each frame. 
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Figure 3.11. RCCSD(T)/AVQZ minima of SFn-1Cl (n=5,6). The geometry of SF4Cl-axial 
is a minimum at the RCCSD(T)/AVTZ level, but its RCCSD(T)/AVQZ energy is used in 
relative energy calculations. ZPE corrected relative energies are indicated by arrows 
pointing toward the higher energy structures. Bond lengths are in Å. 
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Figure 3.12. Singly occupied orbitals for the two isomers of SF4Cl (RHF/AVTZ). 
SF4Cl-axial is the more stable isomer. 
 
 
 
 
 
Figure 3.13. Molecular orbitals (CAS/AVDZ) for SF3Cl-equatorial(1A′) + 
F(2P) → SF4Cl-axial(2A′) (recoupling with rearrangement pathway). Distances between S 
and the incoming F are shown for each frame. 
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Figure 3.14. Sequential bond energies (D0) and relative energies (ΔE0) of all isomers and 
states that were considered for SFn-1Cl with respect to SFn at the RCCSD(T)/AVQZ level. 
For the SFn-1Cl sequential bond energies, the individual values for each isomer are 
indicated with ×; average values with o. 
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Chapter 4. Bonding in SCln (n=1-6): A Quantum Chemical 
Study1 
4.1. Introduction 
The chemistry of the late second row p-block elements P, S, and Cl differs greatly 
from their first row counterparts because hypervalent compounds can be formed from 
their 3p2 (if present) and 3s2 electron pairs via recoupled pair bonding.1-4 Our efforts to 
understand the nature of hypervalency began with studies of bonding in SFn,1 ClFn,3 and 
PFn.4 In a recoupled pair bond, the singlet coupled pair of electrons in a lone pair orbital 
on a central atom is decoupled by an incoming ligand, allowing a central atom-ligand 
bond to form, while leaving the other electron available for further bond formation. The 
remaining electron typically occupies an orbital that has significant antibonding 
character, which results in a weaker bond with a longer bond length. Both s2 and p2 pairs 
can be recoupled. 
Most recently, we reported results on the substituent effect due to substituting a 
single F with Cl in the SFn series and explained the resulting isomerism, apicophilicity, 
and bonding in SFn-1Cl.5 We found that an S-Cl recoupled pair bond is preferred over an 
S-F recoupled pair bond when there is an electron remaining from recoupling in an 
antibonding orbital, thus explaining the observed isomeric stability. Secondly, we 
reported a destabilizing effect due to Cl substitution, making the compounds of the 
SFn-1Cl series less stable than their counterparts in the SFn series. This effect increases in 
                                                 
1 This chapter is drawn in its entirety from a previous publication. Reprinted (adapted) 
with permission from Leiding, J.; Woon, D. E.; Dunning, T. H., Jr. J. Phys. Chem. A 
2011, 115, 4757. Copyright 2011 American Chemical Society. 
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magnitude nearly linearly as a function of n, thus making S-F bonds consistently weaker 
in the SFn-1Cl series when compared to those of SFn. 
 In this study we present the results of high-level ab initio calculations on the SCln 
(n=1-6) series. We will discuss the ground and low-lying excited states, as well as 
analyze the destabilizing effect of Cl on sulfur fluorides, an effect that we have 
previously reported for the SFn-1Cl series. As in our prior studies, we will demonstrate 
that hypervalency arises in this family through recoupled pair bonding. Comparisons to 
SFn-1Cl and SFn will be made as appropriate. 
The paper is laid out as follows.  First, we will describe the computational 
methods used. Second, we will present and discuss results on the SCln series. Finally, we 
will analyze the destabilizing effect of Cl-substitution on SFn-1Cl and SCln.  
Very little experimental data are available for the SCln series. Only one prior 
theoretical study has characterized the entire SCln series, a low level (DFT/LSDA) study 
by Gutsev6 that did not focus on the nature of bonding. Unfortunately, our B3LYP 
frequency calculations for SCl3, SCl4 and SCl5, indicate that many of the structures 
reported by Gutsev are actually saddle points rather than minima. Our study both extends 
our investigation of hypervalency in sulfur species and provides state-of-the-art 
predictions for the structures and energies of the ground and low-lying excited states of 
the SCln series. 
4.2. Methods 
All ab initio calculations were carried out with the Molpro program package.7 
Minima and transition states are reported at the RHF-RCCSD(T)8-11 level [referred to as 
RCCSD(T) henceforth]. Orbitals for bond breaking reactions of SCln were calculated 
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using CASSCF wave functions12,13 due to their flexibility in simultaneously describing 
covalent and recoupled pair bonding at all internuclear separations. Dynamical 
correlation was included in multireference calculations via internally contracted single 
and double excitation multireference configuration interaction (MRCI),14,15 with the 
Davidson correction16,17 for quadruple excitations (MRCI+Q). The CAS wave function of 
SCl(X2Π) was averaged to obtain proper 2Π symmetry and degenerate occupations of the 
π orbitals. 
Augmented correlation consistent basis sets of up to sextuple zeta quality were 
used: aug-cc-pV(x+d)Z (x= D, T, Q, 5, 6);18-22 the abbreviated designations AVxZ (x= D, 
T, Q, 5, 6) are used for these sets below. For SCl, we reference our previously published 
results.5 To summarize the methods used, optimized structures and energies were 
obtained at the RCCSD(T)/AVxZ (x= D, T, Q, 5, 6) level. Frequencies for SCl were 
obtained via Dunham analysis, and CBS extrapolations of bond energies were performed. 
See Leiding et al.5 for details (Chapter 3). Structures for SCl2(X1A1) were optimized at the 
RCCSD(T)/AVxZ (x= T, Q, 5, 6) level of theory. A potential energy surface expansion 
was performed,23 followed by VSCF (vibrational self consistent field)24 and VCI 
(vibrational configuration interaction)24-26 calculations in Molpro to determine the nuclear 
wave function and thus r0 at the RCCSD(T)/AV(Q,5)Z level of theory. This allows us to 
make a more appropriate comparison of geometric parameters to rotational spectral data. 
Unless otherwise noted, all energies and geometric parameters for species larger 
than SCl were calculated at the RCCSD(T)/AVQZ level. Bond dissociation energies for 
RCCSD(T) calculations were calculated using the atomization method. Analytical 
harmonic frequencies were calculated using B3LYP/AVTZ (after reoptimization of the 
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structures) in the Gaussian03 package,27 which were then used to compute zero-point 
energy (ZPE) corrections. The accuracy of the B3LYP/AVTZ frequencies and minima 
were validated by comparison with RCCSD(T)/AVTZ results calculated for the diatomic 
and triatomic minima and transition states. This comparison can be found in the 
supporting information (SI), Appendix B. We use B3LYP frequencies to correct for zero-
point vibration in all species for consistency, since it is not computationally feasible to 
calculate RCCSD(T) frequencies for the larger species. The resulting error in the 
calculated D0s is expected to be small. 
Selected molecular orbitals were generated at the Hartree-Fock or CASSCF level. 
Approximate Generalized Valence Bond (GVB)28 orbitals were obtained by transforming 
the relevant CASSCF natural orbitals (NOs) using appropriate CI vector coefficients. The 
approximate GVB orbitals were calculated using the procedure described previously 
(Chapter 2).1 
4.3. Results and Discussion 
4.3.1 SCl. We previously published a thorough description of the bonding in the 
ground and first excited state of SCl,2,5 so here we will provide only a brief summary. Lee 
has shown that photodissociation of S2Cl2 yields SCl radicals.29 SCl has been studied by 
IR30-33 and resonance enhanced multiphoton ionization spectroscopy.34 The manifold of 
states of SCl has also been characterized using various high-level ab initio techniques.35-37 
The MRCI study by Yang and Boggs that included scalar relativistic effects and spin-
orbit coupling is most noteworthy.37 
The covalently bonded ground state of SCl has 2Π symmetry. The GVB coupling 
diagram is shown in Figure 4.1, and the bond length is shown in Figure 4.2. The singly 
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occupied π orbital is shown in Figure 4.3. Our previously published calculations of 
spectroscopic properties show excellent agreement with available experimental data 
(Table 4.1). We reported5 re and D0 for SCl(X2Π) as 1.978 Å (RCCSD(T)/AV6Z) and 
67.3 kcal/mol (RCCSD(T)/CBS), respectively; the RCCSD(T)/AVQZ values shown in 
Figure 4.1 are in excellent agreement with the AV6Z and CBS results. 
The first excited state of SCl has 4Σ– symmetry and is bonded via a recoupled pair 
bond. As shown in Figure 4.1, it lies 43.8 kcal/mol above the ground state 
(RCCSD(T)/AVQZ). The a4Σ– state has a much larger bond length of 2.343 Å 
(RCCSD(T)/AV6Z) and much smaller bond energy of 22.2 kcal/mol (RCCSD(T)/CBS) 
compared to the ground state.5 Figure 4.4 shows natural and GVB orbitals for this state at 
a separation approaching dissociation and at re. As rSCl →  ∞, the 10σ orbital is the Cl 3p 
atomic orbital, while the 9σL and 9σR orbitals are outer and inner S lobe orbitals 
respectively, derived from the 3p2 pair (the 3p2 pair is split by a 3dz2 orbital, although the 
admixture of 3d character is quite small). As the S-Cl separation decreases toward re, the 
9σL orbital acquires considerable Cl 3p character becoming a bond orbital, while the 10σ 
orbital acquires S 3p character, becoming the antibonding orbital. This orbital 
rearrangement occurs in a smooth fashion as a function of rSCl. The third GVB orbital 
(9σR), the inner lobe orbital of S, changes much less than other orbitals and is singlet 
coupled with the 9σL orbital at re. Thus, the S 3p2 pair has been decoupled so that one of 
the electrons can be recoupled with the singly occupied Cl 3pz orbital to form a bond, 
while the other electron occupies an orbital with significant antibonding character. The 
antibonding character of the 10σ orbital accounts for the longer and weaker bond of this 
75 
state. The GVB coupling diagram of SCl(a4Σ–) in Figure 4.1 will be used throughout the 
paper to illustrate a recoupled pair bond. 
4.3.2. SCl2. There are several states of interest in SCl2 as shown in Figure 4.1. 
Ground state SCl2 is the best experimentally studied species of the SCln series. 
Vibrational38-42 and rotational43-46 spectra have been measured. In addition, the ground 
state of SCl2 has been studied by electron diffraction,47,48 photoelectron spectroscopy,49-53 
and photoionization mass spectrometry.54-56 SCl2 has also been the subject of high-level 
RCCSD(T) calculations.57-60 
Ground state SCl2(X1A1) has C2v symmetry and possesses two covalent bonds as 
shown in the GVB coupling diagram. This state can be formed by covalent addition of 
Cl(2P) to SCl(X2Π) with D0 = 60.5 kcal/mol, which is 4.7 kcal/mol smaller than the bond 
energy of SCl(X2Π). At the RCCSD(T)/AVQZ level, SCl2(X1A1) has a bond length of 
2.020 Å and bond angle of 102.6°. Our geometric parameters agree very well with 
experiment and previous high-level theoretical calculations, as seen in Table 4.2. We 
have undertaken VCI calculations to determine the vibrationally averaged (r0) structure in 
order to make a more appropriate comparison with the rotational structures. 
The first excited state, SCl2(a3B1), lies 35.2 kcal/mol above the ground state at the 
RCCSD(T)/AVQZ level of theory, and it can be formed by direct singlet coupling of the 
singly occupied orbital of the second Cl atom and the singly occupied antibonding orbital 
of SCl(a4Σ–). The bond energy (D0) is 8.6 kcal/mol larger than that of SCl2(X1A1). 
SCl2(a3B1) has a bond length of 2.120 Å and a bond angle of 146.9° at the same level of 
theory. The singly occupied orbitals of SCl2(a3B1) at re consist of an out-of-plane orbital 
that is little changed from the S 3p orbital, and an in-plane orbital that is largely an S 3s-
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3p hybrid, with greater amplitude on the same side of the S nucleus as the chlorine atoms. 
As in the analogous structure of SFCl(a3A″), the S-Cl bond is significantly shorter than 
that of SCl(a4Σ–).5 
For the formation of this state, as seen in many other analogous additions,1,3,5 the 
incoming halogen removes much of the antibonding character from the orbital of the 
decoupled electron of SCl(a4Σ–) upon bond formation. This accounts for the slightly 
larger bond energy compared to that of SCl(X2Π) and for the shorter bond compared to 
SCl(a4Σ–). The removal of antibonding character during the second bond formation is 
illustrated in Figure 4.5.  
A second triplet state structure with A2 symmetry was also optimized. The 
analogous states in SF2 and SFCl are minima – in fact, SFCl(a3A″), has two minima 
where the recoupled pair bond is localized primarily either on the S-F or the S-Cl bond. 
But for SCl2, this structure is a transition state rather than a minimum, and it lies 20.7 
kcal/mol above SCl2(a3B1) at the RCCSD(T)/AVQZ level of theory. The rSCl distance is 
2.158 Å and the Cl–S–Cl angle is 88.42° at the same level of theory. Its singly occupied 
orbitals (Figure 4.3) consist of an out-of-plane S 3p orbital (4b1) and an in-plane b2 orbital 
that shares antibonding character along both S–Cl bonds. In other words, the bonding in 
this transition state is a linear combination of covalent and recoupled pair bonding. 
The intrinsic reaction coordinate (IRC) pathway (calculated at the 
RCCSD(T)/AVTZ level of theory and performed under Cs symmetry) connecting the 
transition state with the SCl2(a3B1) minimum reveals (Figure 4.6) interesting aspects of 
how the atoms interact with each other on the a3A″ surface of SCl2. Interestingly, on 
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either side of the transition state, the bond lengths become quite different, leading to 
shoulders on the surface. At the shoulders, symmetry breaking allows covalent and 
recoupled pair bonds to localize, which is very clearly seen in the localization of the 
antibonding character of the singly occupied orbital along the longer S-Cl bond. This is 
the same behavior we see in the analogous asymmetric minima of SFCl(a3A″). Below the 
shoulders on the IRC, the bond angle opens up and the two bond lengths become equal, 
terminating at the SCl2(a3B1) structure. 
 4.3.3. SCl3. SCl3(2A′) has one minimum as shown in Figure 4.2. To the best of our 
knowledge, no experimental data have been reported for the SCl3 radical, and it has also 
been relatively poorly studied theoretically. Like SF3(2A′), SCl3 is non-planar. Gutsev 
reported C3v(2A1) and C2v(2B1) structures using DFT/LSDA;6 however, we performed 
B3LYP/AVTZ optimization and frequency calculations on these structures and found 
them to be second- and first-order saddle points respectively. For both, the imaginary 
modes point in the direction of our minimum structure. 
SCl3(2A′) is composed of an axial recoupled pair bond dyad (2.170 Å) and a 
covalent bond (2.006 Å). The Clax-S-Clax angle is 143.3° at the RCCSD(T)/AVQZ level 
of theory, which is very similar to the angle of SCl2(a3B1). SCl3(2A′) can be formed from 
direct covalent addition of Cl(2P) to the 4b1 orbital of SCl2(a3B1) with D0 = 49.9 kcal/mol.  
This leaves a singly occupied orbital (22a′ in Figure 4.3) which resembles the 12a1 orbital 
of SCl2(a3B1). A second path to forming SCl3 is possible, just as for SF31 and SF2Cl,5 
where Cl(2P) is added to SCl2(X1A1). In this pathway, recoupling of the electrons residing 
in the orbital derived from the S 3p2 orbital occurs, but in order to avoid the creation of a 
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singly occupied antibonding orbital, it is followed by bonding rearrangement resulting in 
a recoupled pair bond dyad in SCl3. The reaction path for this addition was calculated by 
sequentially increasing the S-Clax bond length of SCl3 while simultaneously optimizing 
all other degrees of freedom at the B3LYP/AVTZ level of theory. The Cl approaches 
SCl2 nearly perpendicular to the molecular plane, but as rSCl decreases the Cl-S-Cl angle 
involving the incoming Cl begins to increase. GVB orbitals were calculated at the 
B3LYP geometries. At large separation, the GVB orbitals (Figure 4.7) are composed of 
the sulfur 3p2 lobe pair (σR and σL) and a Cl 3p orbital. Amplitude from σR begins to be 
transferred to Cl at about rSCl = 2.4 Å, where the singly occupied orbital (34a) starts to 
replace σR at dissociation (with a phase flip); however, the larger lobe of σL remains 
mostly unchanged. This is behavior similar to that of SCl(a4Σ–). Presumably, the 
recoupling would be more evident at smaller r as in SCl(a4Σ–), but the virtual orbital 
space changes because of a bonding and geometric rearrangement, thus changing the 
GVB orbitals; however, this shows in principle that this reaction path begins with a 
recoupling of the S 3p2 pair, followed by a geometric and bonding rearrangement. 
4.3.4. SCl4. The single SCl4(X1A1) minimum has C2v symmetry and a saw-horse 
structure as shown in Figure 4.2. SCl4 is metastable with respect to SCl2 + Cl2, being 
about 3.5 kcal/mol less stable than the asymptote at the RCCSD(T)/AVQZ level of theory 
(Table 4.3). It is stable enough to exist as a solid at low temperatures (indicating the 
existence of a barrier to dissociation), but it decomposes above -30°C. Raman and IR 
spectra have been taken of SCl4 at low temperatures.61-63 Solid SCl4 has also been studied 
by x-ray powder diffraction.64 Previously optimized structures of SCl4 have been 
calculated using both DFT6,65 and MP2.60,66 Gutsev reported C3v and Td symmetric 
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structures. We calculated B3LYP/AVTZ frequencies for these structures and found that 
they are second- and third-order saddle-points, respectively. Drozdova also found these 
structures to be saddle points at the HF/6-311G* level of theory.60 Structures of the other 
computational studies are in good agreement with ours. 
The RCCSD(T)/AVQZ minimum structure of SCl4 is composed of a recoupled 
pair bond dyad and a pair of covalent bonds with bond lengths of 2.242 Å and 2.006 Å, 
respectively. In contrast to SF4 and SF3Cl, the axial ligands are bent away from the 
equatorial ligands, where the Clax-S-Clax angle is 175.4°. The Cleq-S-Cleq angle is 104.4°, 
representing only a small deviation from the bond angle of SCl2(X1A1). SCl4 can be 
formed by straightforward covalent addition of Cl(2P) to SCl3(2A′) with a D0 of 38.8 
kcal/mol, which is significantly weaker than the 65.2 kcal/mol D0 of SCl(X2Π). This 
continuing trend of bond weakening will be discussed in Section 4.4, on substituent 
effects. 
4.3.5. SCl5. The RCCSD(T)/AVQZ SCl5 minimum has a square pyramidal 
structure (Figure 4.2). We are unaware of any experimental data on SCl5. This is likely 
due to the radical nature of the species, coupled with the fact that it is not stable with 
respect to SCl3 + Cl2, by 10.9 kcal/mol at the RCCSD(T)/AVQZ level of theory (Table 
4.3). Gutsev reported D3h(2A1) and C4v(2A1) structures for SCl5 using DFT/LSDA.6 The 
C4v structure is in good agreement with our RCCSD(T)/AVQZ minimum. However, we 
once again found that Gutsev’s other structure is not a minimum: frequency calculations 
(B3LYP/AVTZ) show that the D3h structure is a second-order saddle-point with one set of 
doubly degenerate modes that lead towards the C4v structure.  
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SCl5 consists of two recoupled pair bond dyads with bond lengths of 2.172 Å, and 
a covalent bond with a bond length of 2.004 Å at the RCCSD(T)/AVQZ level of theory. 
These values are commensurate with what is expected from the recoupled pair bonding 
model and consistent with other such bond lengths in the SCln series. The singly-
occupied orbital of SCl5(2A1) can be described as a polarized S 3s orbital with some 
antibonding character on the basal (recoupled pair) ligands. The basal ligands bend 
toward the singly occupied orbital with a Clapical-S-Clbasal bond angle of 96.4°.  
The reaction path forming SCl5 from SCl4(X1A1) + Cl(2P) involves recoupling the 
electrons derived from the S 3s2 pair of electrons. There is also a rearrangement in the 
form of symmetrization, making all of the recoupled bonds equivalent at re. This reaction 
path was studied by sequentially removing a basal Cl from SCl5 while freezing all other 
degrees of freedom. The recoupling is evident from the GVB orbitals shown in Figure 
4.8. As rSCl →  ∞, σL, σR (lobe orbitals split from an orbital resembling a polarized S 3s2 
orbital) and a Cl 3p orbital (35a) comprise the GVB orbitals associated with the new 
bond. As the bond is formed, the σL lobe orbital becomes orbital 35a (the Cl 3p orbital at 
rSCl →  ∞), while orbital 35a replaces the σL orbital (S lobe at rSCl →  ∞). Thus, these two 
orbitals switch place upon bond formation. The σR orbital distorts noticeably toward the 
incoming Cl. Therefore, we describe the bonding as a recoupled pair bond in which the 
electron in σR becomes decoupled from that of σL and recoupled with the electron of the 
Cl 3p orbital to form a bond, while σL remains but acquires some antibonding character. 
The fact that recoupled pair bonds are weaker than covalent bonds and the Cl-
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destabilization effect reinforce each other to make this a particularly weak bond (D0 = 7.3 
kcal/mol RCCSD(T)/AVQZ). 
4.3.6. SCl6. Like SF6, the equilibrium structure of SCl6 is octahedral. There are no 
known experimental data for SCl6. As in the case of SCl5 and SCl4, SCl6 is metastable 
with respect to the loss of Cl2; as reported in Table 4.3, SCl6 is less stable than SCl4 + Cl2 
at the RCCSD(T)/AVQZ level of theory by 23.2 kcal/mol. Previous theoretical studies 
have been carried out for SCl6,67,68 including a DFT calculation of the equilibrium 
structure6 and vibrational frequencies.69 These DFT calculations are in good agreement 
with our RCCSD(T)/AVQZ minimum and B3LYP/AVTZ frequencies. 
The RCCSD(T)/AVQZ octahedral minimum of SCl6 has a bond length of 
2.120 Å. SCl6 is formed via a covalent bond between Cl(2P) and the singly occupied 
weakly antibonding orbital (23a1) of SCl5. As for SF5 + F,1 a bond rearrangement occurs 
in the form of symmetrization to yield an octahedrally symmetric product. The bond 
energy (D0) for this reaction is only 26.5 kcal/mol, making it the weakest covalent bond 
in the SCln series. This is very different from SF6, where the final F addition has the 
largest bond energy of all six additions. This difference will be discussed in the next 
section. 
4.4. Substituent Effects 
We recently reported that S-F bonds in SFn-1Cl (n=1-6) are consistently weaker 
than those of SFn, which is due to a destabilization effect caused by Cl substitution.5 The 
dependence of the destabilization of SFn-1Cl on n is nearly linear (r2 = 0.886).5 When we 
compare the S-Cl bond energies of SCln to those of SFn-1Cl, we see the same behavior, 
but it is amplified here, presumably because of multiple Cl substitutions. Figure 4.9 
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shows the sequential S-Cl bond energies of SCln and SFn-1Cl. It is clear that the S-Cl bond 
energies are consistently weaker than those of SFn-1Cl, with the exception of n = 5. The 
same exception occurs for SFn-1Cl when comparing its S-F bond energies to that of SFn.5 
One can also see that the S-Cl bond energies are trending toward weaker values, in 
contrast to SFn where the bond energies1 increase. Likewise, the stabilities of SCln with 
respect to loss of Cl2 monotonically decrease as n increases (Table 4.3).  The right panel 
of Figure 4.9 shows the relative energy (difference in atomization energy) of SCln with 
respect to SFn as a function of n. As for SFn-1Cl, the relationship is nearly linear, with 
r2 = 0.982.5 
The pronounced destabilizing effect of multiple Cl substitutions discussed above 
can explain the absence of a few isomers of SCln that we reported for SFn-1Cl.5 The 
SFCl(a3A″) manifold contains two bond-stretch isomers: one with a recoupled S-F and 
covalent S-Cl bond, and the other with the opposite bonding arrangement.5 There is an 
analogous structure of SF2(b3A2) with C2v symmetry.1 Interestingly, the corresponding 
structure of SCl2 is, as noted above, a transition state. In the SFn-1Cl study,5 we found that 
isomers with an S-Cl bond taking part in recoupled positions associated with a singly 
occupied antibonding orbital are more stable than the isomers with an S-F bond in this 
position. So one may expect SCl2(3A2) to be stable; presumably, the Cl substitution 
destabilization effect competes with this in such a way as to make the SCl2(3A2) structure 
a transition state. This is reinforced by the fact that the barriers from the mixed 
recoupled-covalent 3A2–like structure to the more stable 3B1–like structure on the 3A″ 
manifold decrease as the number of Cl substitutions increases until there is no barrier in 
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the case of SCl2. The RCCSD(T)/AVTZ barriers with ZPE corrections at the same level 
of theory are 8.6, 0.6 and 0.4 kcal/mol for SF2 and the two isomers of SFCl respectively.  
For SF2Cl(2A′), we discovered a minimum structure not seen in either SF3 or 
SCl3.5 This structure is pyramidal and is composed of two covalent S-F bonds and one 
recoupled S-Cl bond, which is associated with a singly occupied antibonding orbital. The 
analogous structure with an S-F recoupled bond is not a minimum on the PES and is 
higher in energy than the S-Cl recoupled structure. Again, because structures of SFn-1Cl 
with S-Cl recoupled bonds associated with antibonding orbitals are generally more stable 
than the S-F counterparts, we may expect a similarly bonded structure for SCl3; however, 
we were unable to locate such a minimum. As for SCl2(3A2), this is likely due to the Cl 
destabilization effect. The barrier between the isomer of SF2Cl discussed above and the 
more stable SF2Claxial isomer is very small (0.89 kcal/mol at the using an 
RCCSD(T)/AVTZ energy on a B3LYP/AVTZ TS). So a very small energetic 
destabilization is all that is required to remove the pyramidal SCl3 minimum from the 
PES upon Cl substitution of the pyramidal SF2Cl structure. 
4.5. Conclusions 
We extended our study of bonding and isomerism of hypervalent sulfur halides to 
SCln (n=1-6) using high-level RCCSD(T)/AVQZ calculations. As expected, we found 
that recoupled pair bonds are responsible for hypervalency in SCln species just as they are 
for the SFn and SFn-1Cl families. For SFn-1Cl, we previously reported that Cl substitution 
weakens S-F bonds by destabilizing SFn-1Cl with respect to SFn.5 Here we report that the 
same is true for SCln, and the effect is more pronounced likely due to the multiple Cl 
substitutions. In fact, our RCCSD(T)/AVQZ calculations predict that SCl4, SCl5, and SCl6 
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are all unstable with respect to loss of Cl2. The bonds of the SCln species become weaker 
as n increases, whereas they become stronger in SFn. We have reported several minima 
for the SFn and SFn-1Cl series for which there are no analogues in the SCln series. For 
example, the SCl2(3A2) structure is a transition state on the 3A″ potential energy surface 
while corresponding structures of SF2 and SFCl are minima. This can be explained by the 
Cl destabilization effect, since the barriers protecting these structures are already very 
small in the SFn-1Cl series. 
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4.7. Tables 
Table 4.1. Comparison of RCCSD(T)/AV6Z theoretical calculations of spectroscopic 
properties (cm-1) from our previous work with experimental values for SCl(X2Π). 
 
property previous work5 
 
experiment 
 
reference 
ωe 582.3  574.61270(81)a 32 
  579.68485(43)b 33 
  576.86540(55)c 33 
ωexe 2.44 2.53750(20)b 33 
  2.52392(35)c 33 
Be 0.2580 0.258688(63)a 32 
  0.2588307(85)b 33 
  0.2586636(110)c 33 
    
a Error in parentheses is three standard deviations. b ν2-1 band of 2Π3/2; error in parentheses 
is two standard deviations. c ν1-0 band of 2Π1/2; error in parentheses is two standard 
deviations 
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Table 4.2. Comparison of SCl2(X1A1) geometric parameters from this work with previous 
experimental and theoretical results. 
method r(S-Cl) Å θ(Cl-S-Cl)°  reference 
Electron Diffraction 1.99±0.03 101±4 47 
Electron Diffraction 2.00±0.02 103±2 48 
Microwave, r0 2.0140±0.0020 102.74±0.18 46 
Microwave, r0 2.014(2) 102.742 44 
Microwave, r0 2.014±0.005 102.8±0.2 43 
RCCSD(T)/AVQZ, r0 2.0238 102.66 This work 
RCCSD(T)/AV5Z, r0 2.0201 102.63 This work 
RCCSD(T)/AVQZ, re 2.0197 102.62 This work 
RCCSD(T)/AV5Z, re 2.0160 102.59 This work 
RCCSD(T)/AV6Z, re 2.0143 102.62 This work 
RCCSD(T)/AVQZ, re 2.0197 102.62 58 
RCCSD(T)/AV5Z, re 2.0160 102.59 58 
 
 
 
 
 
Table 4.3.  Exo/endothermicities of SCln-2 + Cl2 → SCln at the RCCSD(T)/AVQZ level of 
theory. 
reaction D0 (kcal/mol)a 
S + Cl2 → SCl2 68.7 
SCl + Cl2 → SCl3 18.2 
SCl2 + Cl2 → SCl4 -3.5 
SCl3 + Cl2 → SCl5 -10.9 
SCl4 + Cl2 → SCl6 -23.2 
a Positive and negative values denote exo and endothermic reactions respectively.   
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4.8. Figures 
 
 
Figure 4.1.  GVB diagrams, relative energies and bond energies (D0) in kcal/mol at the 
RCCSD(T)/AVQZ level of theory for ground and low-lying excited states of SCln 
species. 
 
 
Figure 4.2. Structures of the stationary points of SCln species at the RCCSD(T)/AVQZ 
level of theory (TS = transition state). Bond lengths are in Å. 
 
90 
 
Figure 4.3.  Singly occupied orbitals (RHF/AVQZ) of SCln at the calculated 
(RCCSD(T)/AVQZ ) stationary points.  
 
 
 
Figure 4.4. Natural and GVB orbitals at re and long separation (Å) for SCl(a4Σ–). Orbitals 
are calculated at the CAS/AV5Z level of theory. Orbital overlaps (s) are shown. 
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Figure 4.5.  GVB orbitals for SCl(a4Σ–) + Cl(2P) constrained to be linear. Orbitals are 
calculated at the CAS/AVQZ level of theory. The ClS-Cl internuclear distance (r in Å) 
and GVB orbital overlaps (s) are shown. 
 
 
 
Figure 4.6. RCCSD(T)/AVTZ IRC pathway from the SCl2(3A2) transition state structure 
to the SCl2(a3B1) structure. IRC calculated on 3A′′ potential energy surface. Singly 
occupied RHF/AVTZ orbitals are shown for key geometries along the path. 
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Figure 4.7. GVB orbitals for the Cl(2P) + SCl2(X1A1) → SCl3(2A′) reaction. GVB orbitals 
and overlaps (s) were calculated from CAS/AVDZ orbitals. Contours shown are ±0.15, 
±0.10 and ±0.05. 
 
 
Figure 4.8. GVB orbitals for the Cl(2P) + SCl4(1A1) → SCl5(2A1) reaction. GVB orbitals 
and overlaps (s) were calculated from CAS/AVDZ orbitals. Contours shown are ±0.20, 
±0.15 and ±0.10. 
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Figure 4.9. (a) Sequential S-Cl bond energies (RCCSD(T)/AVQZ) of SFn-1Cl and SCln. 
(b) Relative energies of SCln with respect to SFn (RCCSD(T)/AVQZ) as calculated by the 
difference in atomization energies of SCln and SFn. 
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Chapter 5. Theoretical Studies of the Excited Doublet States of 
SF and SCl, and Singlet States of SF2, SFCl and SCl21 
5.1. Introduction 
A new type of chemical bond, the recoupled pair bond, accounts for the 
equilibrium structures, relative energies, and bond energies of many of the ground and 
excited states of SFn (n=1–6),1 SCln (n=1–6),2 ClFn (n=1–7),3 and PFn4 (n=1–5). Recently, 
the recoupled pair bonding model has also been used to explain isomerism in the SFn-1Cl 
(n=1–6) species.5 A recoupled pair bond is formed when a pair of electrons on a central 
atom is decoupled, allowing one of the electrons to be recoupled with an electron from an 
incoming ligand to form a bond. The second electron from the pair, which typically 
occupies an antibonding orbital, is subsequently available for further bond formation. 
This explains how electron pairs are made available to form bonds in hypervalent species, 
as well as the electronic configurations of numerous excited states of the diatomic and 
triatomic sulfur halides.1,2,5 
In previous work, we found that SF/SCl (a4Σ–), SF2/SCl2 (a3B1, b3A2), and SFCl 
(a3A″) possess recoupled pair bonds.1,2,5,6 The ground states of the diatomic and triatomic 
sulfur halides have doublet and singlet spin multiplicities respectively. Therefore, the 
transitions from the ground states to these excited states would be extremely weak, 
making them difficult to observe in the laboratory. However, these high-spin excited 
states have low-spin analogs for which transitions from the ground states are spin-
                                                 
1 This chapter is drawn in its entirety from a previous publication. Reprinted (adapted) 
with permission from Leiding, J.; Woon, D. E.; Dunning, T. H., Jr. J. Phys. Chem. A 
2012, 116, 1655. Copyright 2012 American Chemical Society. 
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allowed: SF/SCl (A2Σ–, B2Δ), SF2/SCl2 (A1B1, B1A2) and SFCl (A1A″). So, these states are 
more important from the perspective of electronic absorption spectroscopy than the high-
spin states. In this paper, we present high-level ab initio results on the bonding, relative 
energetics, and equilibrium structures of these excited states as well as the oscillator 
strengths for transitions to these excited states from the ground states. 
We found all of the lower-spin states to have predictably higher excitation 
energies than their high-spin counterparts. This is due to the loss of the favorable triplet 
coupling between the electrons in the singly occupied orbitals, which will be discussed in 
the diatomic molecules section. Calculated values of the singlet-triplet gap (ES-ET) are 
provided in the tables for the triatomic species. 
After describing the methods used, we will present results on the doublet states of 
SF and SCl and on the singlet states of SF2, SCl2, and SFCl. For SFCl, we discovered that 
bond-stretch isomers are present on the 1A″ potential energy surface (PES), as we 
observed previously for the 3A″ surface, and we will discuss the anticipated impact of the 
bond-stretch isomerism on the electronic absorption spectrum. Finally, we will present 
limited data on the lowest singlet Rydberg states of the triatomic species at the 
equilibrium geometry of the ground state.  
We will use the terms “Franck-Condon point” or “Franck-Condon geometry” to 
refer to the ground state equilibrium geometry on a given excited electronic state, i.e., for 
a vertical electronic excitation. The standard X, A, a, B, b notation will be used to denote 
ground and excited states at their relaxed structures. For the discussion of vertical 
excitations, we will restrict ourselves to states of the same spin multiplicity as the ground 
state. Thus, for the ordering of states at the Franck-Condon points for which transitions 
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are spin-allowed, X will denote the ground state, and the roman numeral preceding the 
state symmetry label will denote the state ordering within a given irreducible 
representation above the ground state. For example, 11B1 and 21B1 will denote the first 
and second singlet excited states of B1 symmetry respectively. Finally, we define a 
recoupled pair bond dyad as the two bonds resulting from forming a covalent bond with 
the antibonding orbital resulting from an initial recoupled pair bond. 
5.2. Methods 
All ab initio calculations were carried out with the Molpro7 program package 
using the complete active space self consistent field method8,9 (CAS) followed by 
internally contracted single and double excitation multireference configuration interaction 
calculations10,11 (MRCI) with the Davidson correction12,13 for quadruple excitations 
(MRCI+Q). The CAS wave functions of SF/SCl(X2Π, Β2Δ) were state-averaged to obtain 
proper spatial symmetry of the wave function (the 2Πx and 2Πy components of the 2Π state 
and the 2Δxy and 2Δx2-y2 components of the 2Δ state are averaged together, respectively).  
Augmented correlation consistent basis sets of up to quintuple zeta quality were 
used: aug-cc-pVxZ on F and aug-cc-pV(x+d)Z on S and Cl (x= Q, 5).14-17 For Rydberg 
state calculations, the sulfur basis sets were augmented with s, p and d functions with 
exponents 0.023, 0.02 and 0.015 respectively; the abbreviated designations AVxZ and 
AVxZ+ (x= Q, 5) are used for these sets respectively. Vibrational frequencies for SF and 
SCl were obtained via Dunham analysis.18 Bond dissociation energies were calculated by 
subtracting the energy of the dissociated structure (r > 50 Å) from that of the minimum.  
Selected molecular orbitals were generated at the CAS/AVQZ level. Approximate 
Generalized Valence Bond (GVB) orbitals19 were obtained by transforming the relevant 
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CASSCF natural orbitals (NOs) using appropriate CI vector coefficients. The 
approximate GVB orbitals were calculated using the procedure described previously 
(Chapter 2).1 
5.3. Results 
5.3.1. SF/SCl. The ground states of SF and SCl (X2Π) are obtained by singlet 
coupling the electrons in the singly occupied S 3p and halogen valence p orbitals as 
shown in Figure 5.1(a) and consequently possess typical polar covalent bonds. The 
lowest-lying excited states possess recoupled pair bonds and are discussed below. The 
potential energy curves (PECs) of various states of SF and SCl are shown in Figure 5.2. 
Experimental structural data are only available for the ground states of SF and SCl. We 
have previously reported both MRCI+Q and RCCSD(T) results on SF/SCl (X2Π, 
a4Σ-)1,2,5,6 and compared the results to experimental data. A comparison of the current 
results to experimental values is made in Table 5.1; very good agreement is evident 
between the experimental and calculated values of spectroscopic constants and bond 
energies for the ground states of SF and SCl at the MRCI+Q/AV5Z level of theory. Yang 
and Boggs published very high-level studies of SF and SCl using MRCI+Q with spin-
orbit coupling.20,21 Their emphasis was on the complete manifold of states, whereas ours 
is on the bonding, structures and energetics of the lowest-lying bound states. 
The first bound excited state of SF and SCl is the a4Σ– state. We’ve previously 
discussed these states in detail,1,2,5 so here we will use them to briefly review the nature of 
recoupled pair bonding. The GVB orbital coupling diagram for SF/SCl (a4Σ–) is shown in 
Figure 5.1(b), and the potential energy curves (PECs) for the two compounds are 
included in Figure 5.2. The a4Σ– state is formed by aligning the doubly occupied S 3pz 
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orbital with the singly occupied pz orbital of the halogen. As seen in Figure 5.2 and Table 
5.1, the a4Σ– states of SF and SCl have bonds that are considerably longer (~0.3-0.4 Å) 
and weaker (~40-50 kcal/mol) than their covalent ground states, although these bonds are 
far stronger than one would expect for three-electron bonding interactions. The 
recoupling of the electron pairs in SX(a4Σ–) is evident in the manner in which the orbitals 
change when the bond forms, as shown in Figures 5.3 and 5.4. By comparing the orbitals 
at long range in the top panel to those at re, it is clear that extensive orbital rearrangement 
has occurred. Using SF as an example, the orbitals at large distance are composed of a 
GVB pair that represents the S 3pz2 pair (7σL, 7σR), and the F 2pz orbital (8σ). However, 
at re 7σL has acquired the character of the F 2pz orbital, while 8σ has acquired much of the 
character of the left or outer S 3pz lobe, so 7σL and 8σ have effectively switched places. 
Since 7σL and 7σR are singlet coupled at all separations in the calculation, this means that 
7σR has been decoupled from the other electron in the S 3pz pair and recoupled with the 
electron in the halogen 2pz orbital, while the 8σ orbital remains singly occupied but has 
acquired significant antibonding character. The same behavior occurs in SCl. 
In SF/SCl (a4Σ–), the electrons in the three singly occupied GVB orbitals shown in 
Figure 5.1 are high-spin coupled (ααα). Coupling the spins of the electrons in the π 
orbitals into a triplet and then coupling that pair with the spin of the electron in the singly 
occupied σ orbital to yield a doublet state, one obtains the corresponding 2Σ– states, 
whose (unnormalized) spin-eigenfunctions are 2βαα–α(αβ+βα), (σπxπy ordering); their 
PECs are shown in Figure 5.2, and the spectroscopic constants and energetics are listed in 
Table 5.1. The 2Σ– states are very weakly bound, with bond energies of just 5.7 and 2.1 
kcal/mol for SF and SCl, respectively. In line with this, the bond lengths of the 2Σ– states 
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are noticeably longer than those of the a4Σ– states, with the difference being much larger 
for SCl (0.18 Å) than SF (0.07 Å).  
Arising from an electronic configuration similar to that for the 2Σ– state, but with 
the spins of the electrons in the π orbitals singlet coupled [α(αβ-βα)], the 2Δ state also 
has a recoupled pair bond. The GVB coupling diagrams of the 2Δxy and 2Δx2-y2 components 
of the 2Δ state are shown in Figure 5.1(c). The barriers in the 2Δ states (Figure 5.2) arise 
from a crossing between the S(3P) + X(2P) and S(1D) + X(2P) diabatic potential energy 
curves. In the 2Δ state arising from the S(1D) + X(2P) separated atom limit, S(1D) 
approaches the halogen atom with a doubly occupied 3p orbital aligned with the singly 
occupied halogen valence p orbital just as in SX(2,4Σ–). SF(2Δ) is bound by 1.6 kcal/mol 
relative to the S(3P) + X(2P) limit, but, because of the avoided crossing, the barrier to 
dissociation is calculated to be 7.8 kcal/mol. SCl(2Δ) is metastable, but essentially 
unbound—the barrier to dissociation is only 0.3 kcal/mol above the ground vibrational 
level. 
The doublet excited states of SF and SCl are much less bound than their 
respective quartet states. This can be attributed to the fact that the energetic exchange 
terms between the electrons in the singly occupied σ and π orbitals are unfavorable in the 
doublet states (+Kσπ) and favorable in the quartet states (-Kσπ) due to the difference 
between singlet and triplet coupling. Kσπ  is the exchange term between the singly 
occupied π and σ orbitals, and is always greater than or equal to zero. 
Further evidence for recoupled pair bonding in the SX doublet states is found by 
comparing the orbitals at re with those at large separation (Figures 5.3 and 5.4). It is 
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evident that the orbitals of the 2Σ– and 2Δ states are similar to those of the 4Σ– states, 
showing the same orbital rearrangement. Recoupling is less complete in these weakly 
bound states than in the analogous quartet states, and this is especially apparent in the 
orbitals at re of SCl(A2Σ–), where, the orbitals are just beginning to switch character. The 
orbitals of SCl(B2Δ) appear to be more recoupled than those of SCl(a4Σ–), but this is 
because the avoided crossing yields an equilibrium position where the orbitals still 
resemble those of the S(3P) + Cl(2P) asymptote rather than the S(1D)+Cl(2P) asymptote. 
The S(1D)+Cl(2P) diabat is the one responsible for the recoupling behavior. 
Although the doublet recoupled states have a higher likelihood of being observed 
experimentally than the 4Σ– states, calculations by Yang and Boggs indicate that the 
probability they can be observed is still low. They calculated the transition dipole 
moments and Franck-Condon factors for transitions from 2Π3/2 → 2Σ–1/2 and 2Π3/2 → 2Δ3/2 
for SF21 and SCl20 and concluded that, given the modest transition dipoles and Franck-
Condon profiles favoring higher vibrational quantum numbers in the electronic excited 
states, they would be difficult to observe in both SF and SCl. 
5.3.2. SF2/SCl2. In previous work,1,2 we studied both the ground singlet and low-
lying triplet excited states of SF2 and SCl2 at a high-level of theory (RCCSD(T)/AVQZ). 
Our geometric parameters for the ground states agreed very well with experimental 
values. There are no experimental data on the triplet excited states of these systems, 
which we found to involve recoupled pair bonding. However, experimental data are 
available for the singlet excited states due in part to the fact that these states have spin-
allowed transitions to and from the ground state with favorable oscillator strengths. There 
have been numerous previous theoretical studies on the low-lying singlet states of SF2,22-
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26 and our results are generally in good agreement with these studies. The wave functions 
of the excited singlet and triplet electronic states, which exhibit recoupled pair bonding, 
have B1 and A2 spatial symmetry in the C2v point group. 
The X1A1 ground states of SF2 and SCl2 are bound via the straightforward 
formation of S-X covalent bonds. As seen in Figure 5.1(d) and as we have previously 
noted,1,2 the X1A1 states are formed via the addition of a second S-X covalent bond to 
SX(2Π). Our MRCI+Q/AVQZ geometric parameters for the ground states of SF2 and SCl2 
agree very well with those derived from rotational spectroscopy results (Table 5.2). 
The first excited state of SF2 and SCl2 is the 3B1 state, which involves recoupled 
pair bonding.1,2 The GVB coupling diagram for the 3,1B1 states is shown in Figure 5.1(e). 
As we discussed in previous work,1,2 the 3B1 state is formed by the addition of a covalent 
S-X bond to the antibonding orbital of SX(4Σ–) resulting in a recoupled pair bond dyad. 
The calculated and experimental geometric and spectroscopic parameters for the A1B1 
states of SF2 and SCl2 are shown in Table 5.2. The structures of both the a3B1 and A1B1 
states are bent slightly from linearity due to polarization of the S 3s2 pair away from the 
bond pairs, allowing them to bend toward the less repulsive singly occupied in-plane p-
like orbital.1,2 As found by previous computational studies, the bond angle of SF2(A1B1) is 
method-dependent.26 We found that MRCI+Q/AVQZ calculations yield a linear structure 
(1Δ), whereas MRCI/AVQZ calculations yield an angle of about 164°. In both cases, the 
bending potential is very flat (Δ Ε < 0.3 kcal/mol for bending between 164° and 180° at 
both levels of theory). We used the bent structure for our orbital analysis. The singly 
occupied in-plane orbital of SF2/SCl2(A1B1) resembles a slightly polarized S 3p orbital as 
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shown in Figure 5.5. The out-of-plane singly occupied b1 orbital (not shown) is 
essentially an S 3p orbital.  
The adiabatic excitation energies (Te) for the 1B1 states of SF2 and SCl2 are very 
similar: 52.9 and 50.2 kcal/mol, respectively. However, the vertical excitation energies 
(Tv) are very different (Table 5.2). The values of Tv-Te for SF2 and SCl2 are 66.3 and 29.1 
kcal/mol respectively. This can be understood based on the destabilization of the singly 
occupied in-plane orbital of each species shown in Figure 5.5: 9a1 and 12a1 for SF2 and 
SCl2 respectively. As the bond angles are bent from the A1B1 minima to those of the 
Franck-Condon geometries, these orbitals visibly acquire significantly more antibonding 
character and become destabilized; however, the bond angle difference is larger in the 
case of SF2, and the bond length at the Franck-Condon point is much shorter than for 
SCl2. Both of these factors contribute to a greater destabilization and thus larger Tv-Te for 
SF2(A1B1) at the Franck-Condon geometry. 
The theoretical Te of SF2(A1B1) is in very good agreement with the experimental 
value, being in error by about 1 kcal/mol. There are no experimental Tv or oscillator 
strengths (fe) available for the 1B1 state to compare with our theoretical values. 
Experimental vertical excitation data for SCl2 11B1 are shown in Table 5.2. While our 
MRCI+Q/AVQZ value of Tv differs from the UV absorption experimental result by about 
6 kcal/mol, the calculated oscillator strength for the 1A1→1B1 transition (~10-4) shows 
very good agreement with experiment. 
We previously reported1,2 results on the recoupled b3A2 states of SF2 and SCl2. 
There are analogous B1A2 states that we will discuss here. As shown in Figure 5.1(f), the 
GVB diagrams of the B1A2 states of SF2 and SCl2 each involve one covalent and one 
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recoupled pair bond. However, due to resonance between the two possible configurations, 
the recoupled pair bond character is shared across both bonds as we found for the b3A2 
states,1,2 yielding a C2v symmetric structure. This is evident in the singly occupied in-
plane antibonding orbitals shown in Figure 5.5. The singly occupied antibonding orbital 
associated with the recoupled pair bond has b2 symmetry and is clearly shared across both 
bonds. As in the A1B1 states, the second singly occupied orbital is essentially an out-of-
plane S 3p orbital (not shown). As we have discussed in previous papers,1,2,5 the A2 states 
can arise from the formation of an S-X covalent bond with one of the π orbitals of 
SX(4Σ-) or by the addition of an S-X recoupled pair bond with the doubly occupied π 
orbital of SX(2Π). 
As the GVB coupling diagrams suggest, the B1A2 states are expected to have bond 
angles of roughly 90° and bond lengths that are intermediate between the covalent 
SX(2Π) and recoupled pair SX(4Σ–) bonds. As was the case for the b3A2 states,1,2 we found 
that the B1A2 state of SF2 is a minimum, but the B1A2 state of SCl2 is a transition state that 
leads down to the 1B1 structure on the Cs 1A″ PES. The 1A2 states have comparable Te and 
Tv values of about 70 and 80 kcal/mol, respectively, for both SF2 and SCl2. There are no 
known experimental data available for SF2(B1A2). Our MRCI+Q/AVQZ value of Tv for 
SCl2(B1A2) differs from the experimental value by only about 1 kcal/mol (Table 5.2). The 
X1A1→B1A2 electronic transition is formally dipole forbidden, so we did not calculate the 
oscillator strength for the transition. 
5.3.3. SFCl. We recently published results on SFCl using the RCCSD(T) method 
with large basis sets for the ground (X1A′) and first excited state (a3A″).5 The GVB 
coupling diagram for the ground state, which is composed of polar covalent S-Cl and S-F 
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bonds is shown in Figure 5.1(g). Our previous RCCSD(T)/AVQZ geometry5 and current 
MRCI+Q/AVQZ geometry (Table 5.3) showed excellent agreement with the observed 
rotational structure. The bond lengths of SFCl(X1A′) are consistent with covalent S-F and 
S-Cl bond lengths, and the bond angle is about 100°. 
Our previous RCCSD(T) study of the a3A″ potential energy surface revealed a 
very complex topography with minima corresponding to various isomers with low 
barriers between the isomers.5 In this study of the A1A″ PES, we observed analogous 
isomers with very similar geometric parameters and relative energetics. There are no 
experimental data available for any of the excited electronic states of SFCl; therefore, our 
results will provide important predictions for future experiments. The geometric 
parameters and adiabatic excitation energies of the A1A″ isomers are shown in Table 5.3. 
The lowest-lying isomer (1A″[1]) on the 1A″ PES contains an S-F and S-Cl recoupled pair 
bond dyad whose GVB coupling diagram is shown in Figure 5.1(h). The bonding of this 
structure is analogous to that of the A1B1 states of SF2 and SCl2. Indeed the geometric 
parameters and Te are similar to those of the A1B1 states (Tables 5.3 and 5.2). The singly 
occupied orbitals of 1A″[1] are also similar to those of the A1B1 states of SF2 and SCl2. 
While resonance occurs between two equivalent GVB diagrams for the b3A2 and 
B1A2 states of SF2 discussed above, resulting in a blending of covalent and recoupled pair 
bonding character in each S-F bond, replacing one of the F atoms with Cl leads to two 
distinct minima, and the bond character is no longer blended. The two minima 
correspond to bond-stretch isomers. In one case, the long recoupled pair bond is localized 
along the S-Cl bond, and in the other it is localized along the S-F bond. While the 
existence of bond-stretch isomers is still debated, 27-32 we have found clear computational 
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evidence that they are possible through the alternation of recoupled pair and covalent 
bonding in SFCl. Figure 5.6 shows the PES around the region of the bond-stretch 
isomers, exhibiting the double well. 
The first bond-stretch isomer on the 1A″ PES (1A″[2]) has a recoupled S-Cl and 
polar covalent S-F bond as shown in Figure 5.1(i). As can be seen from Table 5.3, it has a 
long S-Cl bond and normal S-F bond, and the singly occupied antibonding orbital (Figure 
5.7) is localized along the S-Cl bond, consistent with the recoupled pair bonding model. 
The isomer lies 10.4 kcal/mol above the 1A″[1] state at the MRCI+Q/AVQZ level of 
theory.  
The GVB coupling diagram in Figure 5.1(i) clearly suggests an alternate bonding 
structure where the S-F bond is in the recoupled position (Figure 5.1 (j)). Indeed the third 
isomer on the 1A″ PES (1A″[3]) originates from this bonding motif. It has a long S-F 
recoupled bond, and normal S-Cl polar covalent bond, and lies 9.0 kcal/mol above 1A″[2] 
or 19.4 kcal/mol above 1A″[1]. Its singly occupied in-plane antibonding orbital (Figure 
5.7) is localized along the S-F bond. 
Structures 1A″[2] and 1A″[3] are bond-stretch isomers where polar covalent and 
recoupled pair bonding character are localized in one bond or the other, and the two 
isomers differ in where the recoupled pair bond occurs. As was the case for the 3A″ bond-
stretch isomers,5 the barriers between the 1A″[1], 1A″[2] and 1A″[3] isomers are very 
small. The 1A″[3] → 1A″[2] barrier is less than 1 kcal/mol, and the 1A″[2] → 1A″[1] and 
1A″[3] → 1A″[1] barriers are less than 2 kcal/mol. Thus, these isomers will not be 
isolatable isomers, but their presence will be signaled by a very complicated set of 
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vibrational states on the A1A″ PES once the vibrational levels reach the region of the PES 
containing the bond-stretch isomers. 
Even though the separate minimum wells of SFCl 1A″ [2] and 1A″ [3] will be very 
difficult to detect experimentally, our calculations suggest that the electronic signature of 
the bond-stretch isomers could be observed in the vertical electronic excitation spectrum 
of SFCl(X1A′). Table 5.4 shows the energy and oscillator strength of the three lowest 
lines (excluding the 4s Rydberg state) in the calculated vertical excitation spectrum. The 
bottom row of Figure 5.7 shows the in-plane singly occupied orbitals of the two lowest 
electronic states of SFCl at the Franck-Condon point (11A″ and 21A″). [The out of plane 
orbitals are essentially S 3p orbitals as in SF2/SCl2(B1A2) and are not shown.] It is clear 
from comparison to the top row of Figure 5.7 that the orbitals of the two lowest excited 
states of SFCl at the Franck-Condon point have the same basic electronic structure of the 
relaxed bond-stretch isomers. This indicates that the electronic signature of bond-stretch 
isomerism should be observable in the electronic spectrum of SFCl, which has yet to be 
reported in the literature. 
5.3.4. 4s Rydberg States. For SF2, SCl2, and SFCl, the next highest-lying singlet 
electronic states of interest above the ones already discussed are 4s Rydberg states, which 
have reportedly been observed for SF2 and SCl2. These states are formed by promoting an 
electron in the S 3p2 (π2) orbital to the S 4s Rydberg orbital. Table 5.5 shows the Tvs and 
oscillator strengths as calculated at the MRCI+Q/AVQZ+ level (where additional diffuse 
Rydberg functions were added to S as described in the Methodology section) along with 
the available experimental data and prior theoretical results. The values of Tv range from 
about 145-160 kcal/mol. 
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There are several other previous calculations on the 4s Rydberg state (21B1) of SF2 
at varying levels of theory.24-26 There is no experimental value of fe or Tv to compare to 
our MRCI+Q/AVQZ+ X1A1→21B1 values of SF2. Our SCl2 Tv for the Rydberg state differs 
by about 3 kcal/mol from the most recent experimental study. Our oscillator strength (fe) 
exhibits reasonable agreement with experiment, but is too weak compared to the 
measured result of Colton.33 However, Gholivand34 wrote that a few discrepancies 
between their results and those of Colton et al., including an overestimated value of fe for 
21B1 in Colton’s work, could be explained by contamination of Colton’s SCl2 sample with 
S2Cl2, which absorbs in the region of the 4s Rydberg state. Since there are no electronic 
vertical excitation data (experimental or theoretical) available in the literature for SFCl, 
our results in Table 5.5 on the 4s Rydberg state, in combination with our other 
predictions for this species, will provide experimentalists a road map to study the 
electronic spectrum of SFCl. 
5.4. Conclusions 
After reviewing the covalent and recoupled pair bond nature of the X2Π and a4Σ– 
states of SF and SCl respectively, we showed that there are additional low-lying bound 
states in SF and SCl exhibiting recoupled pair bonding, namely, the A2Σ– and B2Δ states. 
Even though the A2Σ– and B2Δ states are more likely to be observed than the a4Σ– state via 
excitations from the X2Π states, it will be difficult to observe them as shown by Yang and 
Boggs.20,21 
We reported that the A1B1 and B1A2 states of SF2 and SCl2 are formed from 
recoupled pair bonding electron configurations, analogous to their triplet counterparts, 
and we made predictions for the vertical excitation energies and oscillator strengths of the 
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A1B1 and B1A2 states of SF2. The calculated value of Te for the A1B1 state showed good 
agreement with experiment. We calculated vertical excitation energies and oscillator 
strengths for the SCl2 A1B1 and B1A2 states. Our theoretical adiabatic excitation energy 
calculations of SCl2 A1B1 and B1A2 provide predictions for future studies of the spectra of 
this species. As we reported for SCl2(b3A2),2 SCl2(B1A2) is a transition state leading to the 
more stable SCl2(A1B1) geometry on the 1A″ PES. 
The first excited singlet state of SFCl has isomers analogous to those reported in 
our previous work on the lowest triplet state of SFCl.5 The most stable isomer on the 1A″ 
PES is analogous to the A1B1 states of SF2 and SCl2. There are two bond-stretch isomers 
on the A1A″ PES originating from the SFCl analog of the SF2 and SCl2 B1A2 electronic 
bonding configuration. We found that the signature of bond-stretch isomerism is 
potentially observable in the vertical electronic excitation spectrum of SFCl. The first two 
excited electronic states at the Franck-Condon point are 1A″ states, each with the 
electronic structure of one of the bond-stretch isomers. We provided vertical excitation 
energies and oscillator strengths to help guide researchers in future experiments. 
Finally, we calculated vertical excitation energies and oscillator strengths for the 
4s Rydberg states of SF2, SCl2, and SFCl. There are previous theoretical and experimental 
data for SF2 and SCl2 with which our results are in good agreement. However, since there 
are no previous experimental or theoretical data on the electronic spectrum of SFCl, our 
results for the Rydberg state will further aid experimentalists in the interpretation of 
future work on the electronic spectrum of SFCl. 
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5.6. Tables 
Table 5.1.  Spectroscopic constants of the low-lying states of SF and SCl at the 
MRCI+Q/AV5Z level of theory. 
 state re Te ωe Be De D0 
SF 2Δ 1.8738 80.51 523.5 0.4029 2.3 1.6 
      8.6a 7.8a 
        
 2Σ– 1.9554 76.61 410.3 0.3700 6.2 5.7 
        
 4Σ– 1.8879 47.73 491.9 0.3969 34.9 34.2 
        
 2Π 1.5991  839.6 0.5532 83.0 81.8 
 Exp 1.596244(22)b  837.6418(13) b 0.555173(11) b  81.2±1.6c 
        
SCl 2Δ 2.4135 68.61 247.6 0.1733 -2.5 -2.8 
      0.7a 0.3a 
        
 2Σ- 2.5517 63.75 165.0 0.1550 2.3 2.1 
        
 4Σ- 2.3771 43.82 328.7 0.1786 22.2 21.7 
        
 2Π 1.9832  574.2 0.2566 66.2 65.4 
 Exp 1.97529(24)d  574.61270(81)d 0.258688(63)d   
a De and D0 calculated with respect to barrier. Bond lengths are in units of Å. Te, De and D0 
are in units of kcal/mol. ωe and Be are in cm-1. b Value in parentheses represents 2.5 
standard deviations, Ref.35 c Ref.36 d Value in parentheses represents 3.0 standard 
deviations, Ref.37 
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Table 5.2. Geometric and spectroscopic parameters of SF2 and SCl2 at the 
MRCI+Q/AVQZ level of theory. 
 state Te Tv re θe ES-ET fe 
SF2 1A1     1.5965 98.05°     
 Exp     1.58745 ±0.00012a 
98.048°  
± 0.013°a     
        
 1B1 52.9 119.2 1.6700 180.00° 20.3 0.011 
 CISD     1.6629 164.42°     
 Exp 52.9 ±3.4b           
         
 1A2 69.1 81.9 1.6560 83.29° 18.5   
         
SCl2 1A1   2.0238 102.86°   
 Exp   2.0140 ±0.0020c 
102.74° 
±0.18°c   
        
 1B1 50.2 79.3 2.1430 148.17° 14.5 1.92x10-4 
 Exp   73.6d       2.00x10-4 e 
        
 1A2 70.3 83.6 2.1784 88.27° 13.3   
 Exp   82.3d       7.30x10-4 e 
a Ref,38 re. b T0, Ref.39-41 c Ref,42 r0. d Ref.34 e Ref.33  Te, Tv and singlet-triplet gap (ES-ET) are in 
units of kcal/mol. Bond lengths are in Å. Oscillator strengths (fe) are unitless. 
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Table 5.3. Geometric and spectroscopic parameters of SFCl at the MRCI+Q/AVQZ level 
of theory. 
minimum Te re(S-F) re(S-Cl) θe ES-ET 
      
1A′  1.6100 2.0028 100.65°  
Expa  1.60604 1.99401 100.661°  
      
1A″ [1] 52.5 1.6641 2.1611 154.93° 16.5 
1A″ [2] 62.9 1.5943 2.4206 86.91° 13.0 
1A″ [3] 71.9 1.9120 1.9624 88.47° 16.1 
a Ref.43 Te, Tv and singlet triplet gap (ES-ET) are in units of kcal/mol. Bond lengths are in 
Å. 
 
 
 
 
 
Table 5.4. MRCI+Q/AVQZ+ vertical excitation energy (Tv) and oscillator strength (fe) for 
the first three excited singlet statesa of SFCl at the Franck-Condon geometry. 
state Tv(kcal/mol) fe 
11A″ 81.9 1.95x10-4 
21A″ 96.7 1.80x10-3 
21A′ 155.8 4.80x10-3 
a Excluding the Rydberg state. 
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Table 5.5.  MRCI+Q vertical excitation energy (Tv) and oscillator strength (fe) for the 4s 
Rydberg states of SF2, SCl2 and SFCl. 
species method reference Tv 
(kcal/mol) 
Te 
(kcal/mol) 
fe 
      
SF2 MRCI+Q/AVQZ This Work 160.2  5.13x10-2 
 Experiment Ref.44  155.7a  
 MRCI/CBSb Ref.24  151.0  
 MRCI/AVTZc Ref.25 150.8 148.0  
      
SCl2 This work  149.9  5.85x10-3 
 Experiment Ref.33 144.4  7.1x10-2 
 Experiment Ref.34 146.2   
      
SFCl MRCI+Q/AVQZ This work 153.4  1.91x10-2 
a T0. b MRCI/CBS energy on MRCI/AVQZ minimum. c MRCI/AVTZ energy on CAS-PT2 
minima.  
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5.7. Figures 
 
 
Figure 5.1. GVB orbital coupling diagrams for the low-lying states of SX and SXY (X, 
 Y = F, Cl). 
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Figure 5.2. Potential energy curves for the ground and recoupled pair bonded states of SF 
and SCl, from MRCI+Q/AV5Z calculations. 
 
 
Figure 5.3. GVB orbitals of the 4Σ–, 2Σ– and 2Δ states of SF calculated with CAS/AVQZ. 
re values were calculated at the MRCI+Q/AVQZ level. Internuclear distances (r), GVB 
orbital overlaps (s) and orbital occupations (occ) are shown. 7σL and 7σR are derived from 
splitting a pair of electrons as described in the methods section, while 8σ is the singly 
occupied natural orbital. 
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Figure 5.4. GVB orbitals of the 4Σ–, 2Σ– and 2Δ states of SCl calculated with CAS/AVQZ. 
re values were calculated at the MRCI+Q/AVQZ level. Internuclear distances (r), GVB 
orbital overlaps (s) and orbital occupations (occ) are shown. 9σL and 9σR are derived from 
splitting a pair of electrons as described in the methods section, while 10σ is the singly 
occupied natural orbital. 
 
 
Figure 5.5. In-plane singly occupied natural orbitals (CAS/AVQZ) at the 
MRCI+Q/AVQZ minima of SF2/SCl2 1B1 and 1A2 states. (Cl: Blue, F: Green, S: Yellow) 
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Figure 5.6. Potential energy surface in the region of the bond-stretch isomers of 
SFCl(1A″). The bond lengths are in Å, and the bond angle is frozen at the average of the 
bond-stretch isomer minima angles. Energy is shown in kcal/mol relative to the lower-
lying isomer at the MRCI+Q/AVTZ level of theory. Each contour line represents an 
energy change of 1 kcal/mol. 
 
 
Figure 5.7. In-plane singly occupied natural orbitals (CAS/AVQZ) of SFCl. Top row: 
Orbitals of MRCI+Q/AVQZ minima [2] and [3] on the first singlet excited state (1A″). 
Bottom row: Orbitals of the first two excited singlet states at the Franck-Condon 
geometry (FC point). (Cl: Blue, F: Green, S: Yellow) 
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Chapter 6. Bonding in PF2Cl, PF3Cl and PF4Cl: Insight Into 
Isomerism and Apicophilicity from Recoupled Pair Bonding. 
6.1. Introduction 
 In Chapter 3, we showed that the recoupled pair bonding model could be used to 
rationalize the geometric isomerism observed in various ground and excited states of 
SFn-1Cl (n=1-6). Isomerism of pentavalent phosphorus, in which various ligands 
preferentially occupy either the axial or equatorial positions, has been of interest to 
chemical researchers for some time.1-5 In this chapter, we report ab initio quantum 
chemical, including generalized valence bond, studies of PF2Cl, PF3Cl and PF4Cl to gain 
a deeper understanding of the isomerism in phosphorus mixed halide species. 
 A well-known guideline of inorganic chemistry, Muetterties’ rule, predicts that in 
pentavalent phosphorus compounds, the more electronegative ligand will occupy one of 
the two apical (or axial) positions. Muetterties observed this to be the case through NMR 
studies of a number of phosphorus compounds.1,2 Bent’s rule,6,7 which states that “atomic 
s character tends to concentrate in orbitals that are directed toward electropositive 
groups,”6 has been used to explain Muetterties’ rule.4,5 In pentavalent phosphorus, the 
Pauling hybridization model predicts that the P atom has three sp2 hybrid orbitals in the 
equatorial plane, and two pd hybrid orbitals along the axial bonds.8,9 Thus, according to 
Bent’s rule, the more electronegative ligand would occupy the axial position. Despite the 
fact that Pauling’s model has been shown to drastically overestimate the importance of d 
orbitals, as discussed in Chapter 1, there are theoretical calculations that support the 
validity of Bent’s rule in predicting the isomerism of hypervalent phosphorus and sulfur 
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compounds.3-5 Apicophilicity is defined as the affinity of a given ligand for the apical (or 
axial) position. Thus, generally speaking, more electronegative ligands would have 
higher apicophilicities than less electronegative ones. 
 To better understand this phenomenon, we performed high-level ab initio studies 
of PF2Cl, PF3Cl and PF4Cl. As our previous work has shown,10-15 studying the precursor 
species and their excited states provides unrivaled insight into the nature of bonding in a 
given system. Thus, we studied both the closed-shell PF4Cl isomers and open-shell PF3Cl 
isomers, as well as the ground and lowest excited states of PF2Cl. Experimental studies 
have focused on the closed-shell tri- and pentavalent phosphorus clorofluorides.16-22 There 
are previous theoretical studies of PF4Cl,3,23-26 most notable of which are DFT and MP2 
studies done in the mid 2000’s.4,5 There are no relevant theoretical calculations on either 
PF3Cl, or the excited states of PF2Cl, which are of interest here. 
6.2. Methods 
 All structures were optimized with the restricted coupled cluster singles and 
doubles, with perturbative triples method [RCCSD(T)].27-31 Large augmented correlation 
consistent basis sets of triple- or quadruple-ζ quality, with additional tight d functions on 
Cl and P, i.e., aug-cc-pV(T+d,Q+d)Z, were used for all calculations.32-35 These basis sets 
will be referred to as AVTZ and AVQZ for the remainder of this chapter. The AVQZ 
basis set was used for all geometry optimizations and energies used in calculating the 
bond energies and relative stabilities of the isomers. Spin-coupled generalized valence 
bond (GVB) calculations were performed on many of the structures of interest using the 
AVTZ basis set. Orbitals, orbital overlaps and spin-coupling coefficients were used to 
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analyze the bonding. All calculations were performed with the Molpro program 
package.36  
6.3. Results 
6.3.1. PF2Cl. Understanding the bonding and isomerism in smaller precursor 
species is helpful in understanding and anticipating the behavior of the larger derivative 
species. Thus, in order to gain insight into PF3Cl and PF4Cl, we begin with PF2Cl. 
The 4S ground state of P has three singly occupied 3p orbitals and a doubly 
occupied 3s orbital as shown in Figure 6.1. As for PF3,15 the ground state of PF2Cl, the 
X1A′ state, is bound by straightforward covalent bonds between the three halogens and 
the three singly occupied p orbitals of P(4S). The calculated geometric structure is 
provided in Figure 6.2 and Table 6.1. The ideal bond angles expected for bonds with 
mutually orthogonal p orbitals is 90º, and the actual bond angles do not deviate far from 
these values (Table 6.1). Mutual bond pair repulsion between the three P-halogen bonds 
can account for the calculated angles, which are about 8 degrees larger than the ideal case 
(90º). The calculated RCCSD(T)/AVQZ structure is in excellent agreement with the 
experimental microwave structure (r0).18 The experimental P-F and P-Cl bond lengths are 
1.571 ± 0.003 Å and 2.030 ± 0.006 Å respectively, as compared to our calculated values 
of 1.572 Å and 2.042 Å. Likewise, the experimental F-P-F and F-P-Cl angles are 97.3 ± 
0.2º and 99.2 ± 0.3º respectively, as compared to our calculated values of 97.3º and 98.8º. 
The first excited state of PF2Cl is the 3A″ (PF2Cl-ax) state whose GVB coupling 
diagram is shown in Figure 6.1. As we previously described for the analogous state of 
PF3 (3B1),15 the bonding in this state can be rationalized from the bonding of the halogens 
with the 2D excited state of phosphorus, where one of the electrons in a singly occupied 
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3p orbital has been excited into one of the other singly occupied 3p orbitals, giving, e.g., 
a 3s23pz23px configuration. A typical recoupled pair bond dyad (described in previous 
chapters) is formed between two ligands (F and Cl) and the 3pz2 pair of P(2D); see Figure 
6.1. The third halogen (F) then recouples the 3s2 pair. This leaves a singly occupied P 3px 
orbital and an sp hybrid-like lobe, the electrons of which are coupled into a triplet. The 
GVB orbitals of this state are shown in Figure 6.3. The dominant spin-coupling function 
is the perfect-pairing function (weight=0.969), in which the bond pairs are singlet 
coupled (boxed in Figure 6.3), and the electrons of the two singly occupied orbitals, φ7 
and φ8, are triplet coupled. The axial bond lengths of PF2Cl-ax (Figure 6.2) are 0.028 and 
0.11 Å longer than those of the ground state for P-F and P-Cl bonds respectively. This is 
consistent with the presence of a recoupled pair bond dyad. Furthermore, the P-Feq bond 
length is slightly shorter (0.007 Å) than the ground state, which is consistent with 
increased s character of the bond. These data support the interpretation of the bonding 
diagram in Figure 6.1. φ7 is the “leftover” orbital from the recoupling process of the P 3s2 
pair. It has considerable overlap with the other bond pair orbitals, especially those 
centered on the P atom, as shown in Table 6.2. This is also consistent with other 
recoupled systems we have studied (see discussion of SF in Chapters 1 and 2 for more 
detail). We will discuss the importance of these overlaps in section 6.4. 
The second excited state of PF2Cl is the PF2Cl-eq (3B1) state, which lies 7.4 
kcal/mol above the PF2Cl-ax state. This state is analogous to the PF2Cl-ax (3A″) state 
discussed above, except the Cl ligand occupies the equatorial position. Again, the axial 
positions are slightly longer (0.05 Å) than a typical P-F covalent bond (as in the PF2Cl 
ground state), and the P-Cl bond length is slightly shorter than that of a typical P-Cl 
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covalent bond indicating increased s character. Furthermore, the P-F bond lengths are 
only slightly longer (0.012 Å) than the analogous PF3 (3B1) state. The GVB orbitals of 
this state are shown in Figure 6.4. The dominant spin-coupling function is again the 
perfect-pairing function that couples the bond pairs into singlets, and the electrons of φ7 
and φ8 into a triplet (weight=0.995). The φ7 orbital is the orbital remaining from the P-Cleq 
recoupled pair bond, in which Cl recouples the P 3s2 pair, and φ8 is simply a P (3p) 
orbital. Again, φ7 has considerable overlap with several of the bond pair orbitals as shown 
in Table 6.3. These data are consistent with the bonding diagram drawn in Figure 6.1. 
6.3.2. PF3Cl. PF3Cl is an open-shell doublet in its ground electronic state, and has 
two geometric isomers shown in Figure 6.2: one with the Cl in the axial position 
(PF3Cl-ax) and the other with Cl in the equatorial position (PF3Cl-eq). The electronic 
structure of these isomers is derived from that of the two lowest excited states of PF2Cl. 
Forming a P-F covalent bond with φ8 of PF2Cl-ax (3A″) and PF2Cl-eq (3B1), yields PF3Cl-
ax and PF3Cl-eq respectively. Indeed, the geometric parameters of PF3Cl-ax and PF2Cl-
ax, and PF3Cl-eq and PF2Cl-eq are similar. Again, as in PF2Cl, the more stable isomer is 
the one in which Cl occupies the axial position (by almost 8 kcal/mol), which is contrary 
to what Bent’s rule would predict if it is assumed it should apply to radicals as well as to 
the closed-shell pentacoordinated species.  
The two singly occupied orbitals of the PF3Cl isomers, which are derived from the 
φ7 orbitals of PF2Cl, are shown in Figure 6.5. It is clear that they are similar to φ7 of 
PF2Cl, but they have become distorted in response to the presence of the additional P-F 
bonds. 
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The PF3Cl isomers can also be derived from the ground state of PF2Cl, by the 
addition of F opposite either the existing Cl or F ligands. To form the additional P-F 
bond, the P 3s2 pair of electrons must be recoupled, thus this bond energy is much weaker 
than a covalent bond (Table 6.4). 
6.3.3. PF4Cl. There are two possible geometric isomers for the trigonal 
bipyramidal structure of PF4Cl: PF4Cl-ax and PF4Cl-eq as shown in Figure 6.2. For the 
first time in the species reported here, Bent’s rule and Muetterties’ rule correctly predict 
the ground state isomer to be PF4Cl-eq. The PF4Cl-eq isomer is 3.3 kcal/mol more stable 
than the PF4Cl-ax isomer at the RCCSD(T)/AVQZ level of theory. This result is in good 
agreement with previous theoretical results, despite the fact that our calculations are of 
much higher quality.4,5 The two isomers of PF4Cl are formed by the addition of P-F 
covalent bonds to PF3Cl-ax and PF3Cl-eq, whose respective bond energies are shown in 
Table 6.4. The bond energies will be discussed in more detail in section 6.4. The 
geometric parameters of PF4Cl-ax and -eq are similar to those of PF3Cl-ax and -eq, with 
the bond lengths being universally shorter in the pentavalent phosphorus species. This is 
consistent with the behavior we observed in PFn.15 
The calculated RCCSD(T)/AVQZ PF4Cl-eq structure is in excellent agreement 
with the experimental electron diffraction results.19 The experimental P-Feq, P-Fax and P-
Cleq bond lengths are 1.535(3) Å, 1.581(4) Å and 2.000(3) Å respectively, as compared to 
our calculated values of 1.541 Å, 1.584 Å and 1.999. Likewise the experimental Feq-P-Feq 
and Feq-P-Fax angles are 117.8(7)º and 90.3(4)º respectively, as compared to our 
calculated values of 117.1º and 89.9º. Errors in parentheses represent three standard 
deviations. 
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6.4. Discussion of Isomerism 
 6.4.1. Introduction. It may be surprising that PF2Cl-ax and PF3Cl-ax are the most 
stable isomers for the excited electronic states of PF2Cl and the ground electronic state of 
PF3Cl. However, this is consistent with our observations on SFn-1Cl and, in fact, was the 
behavior we anticipated based on those observations. After discussing the “anti-
Muetterties’ rule” cases (PF2Cl and PF3Cl), we will discuss isomerism in the normal 
pentavalent case, favoring PF4Cl-eq. 
 6.4.2. Anti-Muetterties’ Rule Cases. In both the excited triplet states of PF2Cl, 
and the ground state of PF3Cl, the isomer with Cl occupying the axial position, i.e., 
participating in the recoupled pair bond dyad, is more stable, which is counter to what 
one would expect based on Muetterties’ and Bent’s rules. The observed isomerism for 
PF2Cl can be understood based on the GVB orbital overlaps. First, consider the more 
stable PF3Cl-ax (3A″) isomer whose GVB orbital overlaps are shown in Table 6.2. 
Although large overlaps between the orbitals in singlet coupled pair are favorable, large 
overlaps between the orbitals in different singlet coupled pairs or between the singly 
occupied orbital and the orbitals in the singlet coupled pairs are unfavorable. In Table 
6.2, the bond pair overlaps are bolded, and the unfavorable overlaps of the orbital 
remaining from recoupling the 3s2 pair (φ7) are bolded and italicized. The sum of the 
absolute value of the overlaps of φ7 with every other orbital is 1.65, which is the majority 
of the sum of every unfavorable overlap (i.e., overlaps between electrons that are not part 
of the same bond pair). The sum of the overlaps of φ7 with every other orbital in the 
PF3Cl-eq (3B1) isomer is 1.85, also a majority of the total unfavorable overlaps. (The total 
unfavorable overlap for the PF2Cl-ax and PF2Cl-eq isomers is 2.82 and 2.98 respectively.) 
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Thus, the relative stabilities are consistent with the amount of unfavorable GVB orbital 
overlaps in each isomer. 
 The axial positions of the PF2Cl triplet state geometries contribute more to the 
unfavorable φ7 overlaps than the equatorial position. Further, the phosphorus hybrid GVB 
orbitals make up the majority of these overlaps. When Cl occupies the axial position, the 
naturally longer P-Cl bond length (with respect to P-F) pulls the bond pair orbitals further 
away from φ7 and the other bond orbitals, thus reducing unfavorable overlaps. Compare 
φ6 overlaps between the PF2Cl-ax and -eq isomers to observe the largest such difference 
in overlaps. Thus, putting Cl in the axial position gives the other orbitals more “breathing 
room.”  
It is important at this point to mention that this is exactly the same behavior we 
observed in SFn-1Cl in Chapter 3. In Chapter 3, we were examining the amount of 
antibonding character present in a given natural orbital remaining from recoupling to 
explain isomerism. As we pointed out in Chapters 1 and 2, the unfavorable overlaps of 
the orbital remaining from recoupling in the full GVB framework, is equivalent to the 
presence of antibonding character in the natural orbital framework. Thus, this anti-
Muetterties’ rule phenomenon is entirely consistent with our observations in SFn-1Cl. 
We argue in 6.3.2 that PF3Cl derives its electronic structure from the triplet states 
of PF2Cl. To further verify this, we attempted to calculate GVB orbitals for PF3Cl, but 
this proved to be very difficult for technical reasons. Thus, we argue by extension that the 
geometric isomerism explained above applies to PF3Cl. There are good reasons to believe 
this, as discussed in 6.3.2. For example, the geometric parameters and relative energies 
are similar.  
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Observe the PF2X + F → PF3X bond energies reported in Table 6.4. The bond 
energy for forming PF3Cl-eq is similar to that of PF4, differing by only 0.9 kcal/mol, 
while the bond energy to form PF3Cl-ax is about 8.0 kcal/mol larger. This implies that 
PF3Cl-eq is as (relatively) stable as PF4, whereas PF3Cl-ax is actually more stable. 
6.4.3. Muetterties’ Rule Cases. Finally, we can discuss the cases to which 
Muetterties’ and Bent’s rules apply. For these cases, the bond energies will be helpful in 
analyzing the isomerism. As we have seen in Chapters 3 and 4, forming a bond with the 
orbital left over from recoupling relieves the unfavorable character, either antibonding 
character or unfavorable overlaps, by drawing the remaining orbital closer to the 
incoming ligand. The PF3Cl-eq + F → PF4Cl-eq bond energy is similar to the analogous 
PFn reaction. This is consistent with the fact that bond energies for forming PF3Cl-eq and 
PF4 are similar, indicating similar relative stabilities, and equivalent amounts of 
unfavorable interactions with the orbital remaining from recoupling. Furthermore, the 
PF3Cl-ax + F → PF4Cl-ax bond energy is 11.3 kcal/mol weaker than that forming PF4Cl-
eq. This is consistent with the notion that the orbitals of PF2Cl-ax and PF3Cl-ax have less 
unfavorable overlap with φ7 than those of PF2Cl-eq and PF3Cl-eq, respectively. Thus, we 
expect the bond energy forming PF4Cl-ax to be weaker than that forming PF4Cl-eq. 
Although this explains why the bond energies would differ by the amount of extra 
destabilization present in PF2,3Cl-eq (~8 kcal/mol), it does not account for the additional 
3.3 kcal/mol that causes PF4Cl-eq to be more stable than PF4Cl-ax. 
Trying to account for such a small energetic difference as 3.3 kcal/mol is difficult, 
especially since ab initio calculations of this quality are accurate to no better than about 1 
kcal/mol. We could argue that there are more unfavorable 90º P-Cl/P-F interactions in 
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PF4Cl-ax than in PF4Cl-eq to account for the additional 3.3 kcal/mol. This is the same 
argument often used for why groups with bulkier bond/lone pairs occupy equatorial 
positions in trigonal bipyramids, but this is likely not the only factor in the isomerism. 
We have observed that recoupled pair dyads with more electronegative ligands are more 
stable, which would further explain the greater stability of PF4Cl-eq, since it has an F-P-F 
dyad rather than an F-P-Cl dyad. Thus, it is conceivable, that the effect of the unfavorable 
overlaps outweighs the dyad effect in the open-shell anti-Muetterties’ rule cases. We 
believe we have identified solid evidence to explain the anti-Muetterties’ rule isomerism 
in PF2Cl and PF3Cl, but have insufficient data to fully explain the Muetterties’ rule case 
of PF4Cl. Thus, in the future our group will explore cases where the energetic differences 
of the pentavalent isomers are more dramatic, such as PF4CH3 and the multiply chlorine 
substituted species, PFnClm (n+m=5).   
6.5. Conclusions and Future Directions 
 We have shown in this chapter that the recoupled pair bond model is very helpful 
in explaining the bonding and isomerism in PF2Cl, PF3Cl and PF4Cl. While we have 
given compelling insight into the observed isomerism in PF2Cl and PF3Cl, we currently 
lack sufficient data to fully explain the isomerism in PF4Cl. The isomerism in PF2Cl and 
PF3Cl, which violates Bent’s and Muetterties’ rules, is readily explained by the amount of 
unfavorable overlap of the orbital remaining from recoupling the P 3s2 pair of electrons, 
and every other orbital. This is completely consistent with what we observed in SFn-1Cl. 
Our research group plans to continue this project, and gain a better understanding of the 
closed-shell pentavalent phosphorus species, by studying systems where the geometric 
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isomerism will be more pronounced, such as PFn(CH3), and PFnClm. The results provided 
here, have laid the groundwork for that future study. 
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6.7. Tables 
Table 6.1. Calculated, RCCSD(T)/AVQZ, bond angles (in degrees) for PFnCl 
geometries. 
Structure State Angle Value 
PF2Cl 1A′ F-P-F 97.3 
  Cl-P-F 98.8 
    
PF2Cl-ax 3A″ Feq-P-Fax 98.5 
  Feq-P-Clax 101.0 
  Fax-P-Clax 160.5 
PF2Cl-eq 3B1 Cleq-P-Fax 102.3 
  Fax-P-Fax 155.4 
    
PF3Cl-ax 2A′ Feq-P-Feq 102.4 
  Clax-P-Fax 160.2 
  Clax-P-Feq 96.33 
  Fax-P-Feq 96.02 
    
PF3Cl-eq 2A′ Cleq-P-Feq 105.92 
  Fax-P-Fax 162.57 
  Fax-P-Feq 92.8 
  Fax-P-Cleq 97.15 
    
PF4Cl-eq 1A1 Feq-P-Feq 117.1 
  Feq-P-Cleq 121.4 
  Fax-P-Feq 89.9 
  Fax-P-Cleq 90.3 
    
PF4Cl-ax 1A1 Feq-P-Feq 120.0 
  Clax-P-Feq 90.3 
  Fax-P-Feq 89.7 
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Table 6.2. GVB orbital overlaps of PF2Cl-ax (3A″).  
 φ1 φ2 φ3 φ4 φ5 φ6 φ7 φ8 
φ1 1.00        
φ2 -0.83 1.00       
φ3 -0.01 0.08 1.00      
φ4 -0.07 0.22 0.83 1.00     
φ5 -0.02 0.10 0.10 0.14 1.00    
φ6 -0.07 0.22 0.04 0.11 0.81 1.00   
φ7 0.11 -0.32 -0.19 -0.48 -0.12 -0.41 1.00  
φ8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 
 
 
Table 6.3. GVB orbital overlaps of PF2Cl-eq (3B1).  
 φ1 φ2 φ3 φ4 φ5 φ6 φ7 φ8 
φ1 1.00        
φ2 0.80 1.00       
φ3 0.00 -0.09 1.00      
φ4 -0.08 -0.25 0.82 1.00     
φ5 0.00 -0.09 0.06 0.06 1.00    
φ6 -0.08 -0.25 0.06 0.12 0.82 1.00   
φ7 -0.10 -0.37 0.19 0.50 0.19 0.50 1.00  
φ8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 
 
Table 6.4. Calculated, RCCSD(T)/AVQZ, sequential bond energies for PFn and PFnCl.a 
 De (kcal/mol) 
P + F → PF 107.1 
PF + F → PF2 120.0 
PF2 + F → PF3 134.1 
PF3 + F → PF4 57.4 
PF4 + F → PF5 136.5 
  
PCl + F → PFCl 113.0 
PFCl + F → PF2Cl 126.2 
PF2Cl + F → PF3Cl-ax 64.5 
PF2Cl + F → PF3Cl-eq 56.5 
PF3Cl-eq + F → PF4Cl-eq 135.0 
PF3Cl-ax + F → PF4Cl-ax 123.7 
a PFn bond energies taken from Woon and Dunning.15 
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6.8. Figures 
 
Figure 6.1. GVB orbital coupling diagrams for the phosphorus atom, and the ground and 
first two excited states of PF2Cl. Singlet coupling is indicated by straight lines.  
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Figure 6.2. Geometries for PFnCl (n=2-4) calculated at the RCCSD(T)/AVQZ level of 
theory. Bond lengths are in Å. State labels for excited states are shown in red. Relative 
energies in kcal/mol are indicated by arrows pointing toward less stable structures. Bond 
angles are provided in Table 6.1. (Cl: Blue, F: Green, P: Brown) 
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Figure 6.3. GVB orbitals for PF2Cl-ax (3A″). Singlet coupled bond pairs are boxed. The 
orbital overlap matrix is provided in Table 6.2. (Cl: Blue, F: Green, P: Brown) 
 
 
 
 
 
Figure 6.4. GVB orbitals for PF2Cl-eq (3B1). Singlet coupled bond pairs are boxed. The 
orbital overlap matrix is provided in Table 6.3. (Cl: Blue, F: Green, P: Brown) 
 
136 
 
 
Figure 6.5.  Singly occupied natural orbitals of PF3Cl-ax and -eq. (Cl: Blue, F: Green, P: 
Brown) 
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Chapter 7. Insights Into the Unusual Barrierless Reaction 
Between Two Closed-Shell Molecules, (CH3)2S + F2, and its H2S 
+ F2 Analog: Role of Recoupled Pair Bonding1 
7.1. Introduction 
Sulfur compounds such as dimethyl sulfide, (CH3)2S (DMS), and H2S play 
important roles in atmospheric chemistry. For example, DMS is thought to oxidize 
readily in the atmosphere to form sulfate cloud condensation nuclei.1-3 Thus, 
understanding the reactivity of this class of compounds is important in advancing our 
knowledge of atmospheric chemistry. There has been interest in the last two decades in 
the reactivity of divalent sulfur compounds with molecular fluorine. Turnipseed and 
Birks4 showed that the rate constant for DMS reacting with F2 in a flow tube was 
remarkably large, (1.6 ± 0.5) × 10-11 cm3 molecule-1 s-1, at 298 K. They observed an m/z 
signal of 80 and assigned it to CH2S(F)CH3. They also observed chemiluminescence from 
vibrationally hot HF. These data are consistent with the reaction: 
 (CH3)2S + F2 → CH2S(F)CH3 + HF (1a) 
Interestingly, H2S + F2 did not react in their room temperature flow tube experiments. 
In subsequent vacuum uv experiments on the DMS + F2 reaction, Baker et al. 
detected an intermediate species with a vertical ionization energy of 8.03 ± 0.02 eV that 
was assigned to (CH3)2S-F.5 In the most recent investigation of the DMS + F2 reaction, Lu 
                                                 
1 This chapter is drawn in its entirety from a previous publication. Reprinted (adapted) 
with permission from Leiding, J.; Woon, D. E.; Dunning, T. H., Jr. J. Phys. Chem. A 
2012, 116, 5247. Copyright 2012 American Chemical Society. 
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et al.6,7 performed crossed molecular beam studies and found two product channels. 
Channel I, which corresponds to reaction (1a), had no discernible barrier. Channel II 
yields: 
 (CH3)2S + F2 → (CH3)2SF + F (1b) 
The collision threshold for this reaction was measured to be 6.0 ± 0.7 kcal/mol, which, 
when corrected for kinematic effects is essentially the endothermicity of the reaction (~4 
kcal/mol). 
The absence of a barrier to reaction (1a) is surprising, and is the first reported 
instance of a barrierless gas phase reaction between two closed-shell molecules.6,7 To 
better understand the nature of the reactions (1a, 1b), Lu et al. performed CAS-PT2 and 
RCCSD(T) calculations at selected points on the (CH3)2S + F2 potential energy surface. 
They found a bound intermediate (INT) with a very unusual (CH3)2S–F–F structure that 
leads to both sets of products. The crossed beam studies of Lu et al., combined with their 
ab initio calculations on the (CH3)2S + F2 potential energy surface, provided invaluable 
information on the energetics and dynamics of this reaction that was lacking in the 
previous studies. Furthermore, crossed beam studies are single collision experiments, 
which allow researchers to study the primary reaction products without the complications 
of secondary reactions.8 
Curiously, neither Lu et al. or Turnipseed and Birks have found any evidence of 
direct F2 addition products for DMS + F2, in which both fluorines bond to the sulfur of 
DMS forming stable sawhorse structures analogous to that of SF4. Lu et al. comment that 
this could be due to the fact that “these low energy structures are not connected to the 
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reactants by any kinetically favored reaction path ...”7 We will explore the possibility of 
direct F2 addition to DMS to assess this explanation. 
In this paper, we first present and discuss our results for the H2S + F2 reaction, 
which serves as a prototype system for exploring the features of the potential energy 
surfaces for X2S + F2 reactions in general. We will then present and analyze our results on 
the DMS + F2 reaction, where additional products can be formed. In the course of the 
discussion of both reactions, we will address the underlying question raised by the 
experimental observation that DMS + F2 proceeds readily near room temperature while 
H2S + F2 does not. 
7.2. Recoupled Pair Bonding and Reactivity 
Over the course of a number of papers,9-16 we have described a new type of 
chemical bond that we label a recoupled pair bond (RPB). The RPB is a means by which 
valence lone pairs of electrons can become active in bonding. While we found that 
recoupled pair bonding accounts for the origin of hypervalency in sulfur11,14,15 and other 
late p-block elements in the second and deeper rows of the periodic table,10,12,13 RPBs also 
give rise to excited states in molecules of “normal” valence,9-12,14-16 provide new pathways 
for inversion in certain tricoordinated phosphorus species,12 and systematically account 
for a number of other phenomena.17 In this work, we examine reactions between closed-
shell species. Such reactions are usually very slow because one or more bonds must be 
simultaneously broken to form new bonds. The (CH3)2S + F2 reaction has a remarkably 
large rate constant. In this work, we will show that recoupled pair bonding explains the 
unusual reactivity of F2 with DMS as well as the lack of reactivity of F2 with H2S. These 
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reactions can only proceed if the electrons of a sulfur lone pair become active in 
bonding. 
A recoupled pair bond is one in which the singlet coupling between the electrons 
in a lone pair orbital on a central atom is broken, allowing one of the electrons to form a 
new bond with the electron in the singly occupied orbital of an incoming ligand, making 
it a three-electron process. Formation of a RPB leaves the third electron in the “leftover” 
orbital of the central atom lone pair, which is then available for further bond formation. 
In the generalized valence bond (GVB) wave function, the leftover electron occupies an 
orbital that strongly overlaps the new bond and thus both lengthens and destabilizes it. 
This is particularly true for RPBs formed with the electrons in the lone pair orbitals of the 
late p-block elements. In the natural orbital representation of the GVB wave function, 
which is closely related to the MO wave function, the leftover electron occupies an 
orbital with substantial antibonding character. In this picture, the long and weak central 
atom-ligand bond is due to the single occupation of this antibonding orbital. 
Figure 7.1 depicts the three GVB orbitals of the RPB in SF(a4Σ–) at the separated 
atom limit. At large separations, φ1 and φ3 are the singlet coupled lobe orbitals localized 
on either side of the sulfur nucleus and comprise the S 3p2 pair; φ2 is the F 2p orbital. At 
re, on the other hand, the dominant coupling pattern has φ1 and φ2 singlet coupled (dotted 
line). In other words, as the S–F distance decreases and the bond forms, the electrons in 
the sulfur and fluorine orbitals are recoupled; thus, we label this a recoupled pair bond. 
A covalent bond can be formed with the electron remaining from the formation of 
the RPB. When such a bond is formed, the overlap between the leftover electron’s orbital 
and the first bond pair is reduced (in the MO wave function, this corresponds to a 
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decrease in the antibonding character of the orbital). Formation of the second bond can 
result in a bond that is actually stronger than a typical covalent bond.11 For the formation 
of both of these bonds, the electronegativity of the ligand is critical. In the formation of 
the first bond (RPB), the more the bond pair is polarized toward the incoming ligand, the 
less overlap the bond pair orbitals will have with the third leftover orbital. In the 
formation of the second (covalent) bond, ligands with large electronegativities reduce the 
overlap between the two bond pairs. In fact, for p2 recoupling, strong bonds are only 
formed when the electronegativity of the ligands significantly exceeds that of the central 
atom. We call this pair of bonds a recoupled pair bond dyad. There is some commonality 
between the recoupled pair bond dyad and the 3-center/4-electron model of Rundle and 
Pimentel.18-20 Indeed, four electrons are distributed across three atomic centers in a 
recoupled pair bond dyad, and they both tend to be (nearly) linear; however, the RPB 
model is conceptually different than the 3-center/4-electron model. The RPB model, 
using GVB theory, describes a dyad as a pair of covalent bonds (from recoupling the p2 
pair) with high ionic character, whereas the 3-center/4-electron model, based on MO 
theory, provides an inherently delocalized description of the bonding. The RPB model 
offers more insight into bonding, via prediction of excited states and other critical 
properties. For example, one very unusual aspect of a recoupled pair bond dyad: the two 
dyad bonds are linked in a way that is not found in a pair of covalent bonds. Increasing 
the length of either bond—which occurs, for example, in vibrational modes—
reintroduces the deleterious character associated with the electron in the leftover orbital. 
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For a more detailed description of recoupled pair bonding, see any of our previous 
papers on the subject, especially our publications on the bonding in SFn,11 SCln,14 and 
SFnCl.15 
7.3. Methods 
Both multireference and single-reference electronic structure methods were used 
in this study. Some of the critical points on the potential energy surfaces for the reactions 
of interest here are well described by single-reference wave functions, but other points 
require multireference wave functions. For multireference calculations, the complete 
active space self-consistent field method was employed,21,22 with dynamical electron 
correlation included either via second-order multireference Rayleigh Schrödinger 
perturbation theory, CAS(M/N)-PT2,23,24 or internally contracted multireference singles 
and doubles configuration interaction25,26 with the Davidson correction27,28 for quadruple 
excitations, CAS(M/N)-MRCI+Q. The CAS(M/N) notation denotes an active space of M 
electrons in N active orbitals. Single-reference restricted coupled cluster singles and 
doubles with perturbative triples calculations, RCCSD(T), were also employed.29-31 Large 
correlation consistent triple-ζ basis sets were used as follows: S (aug-cc-pV(T+d)Z), F 
(aug-cc-pVTZ), C and H (cc-pVTZ).32-36 These basis sets will henceforth be referred to as 
AVTZ. Most electronic structure calculations were performed with the Molpro program 
package,37 but Gaussian 03 was used to calculate MP2 transition state structures and 
frequencies.38 
Critical points requiring a multireference treatment on the H2S + F2 PES were 
optimized with CAS(2/2)-MRCI+Q/AVTZ, while those on the DMS + F2 potential 
energy surface (PES) were optimized with CAS(2/2)-PT2/AVTZ. CAS(4/4)-
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MRCI+Q/AVTZ single-point energies were calculated for the CAS(2/2)-PT2/AVTZ 
critical points on the DMS + F2 PES. Thus MRCI+Q/AVTZ energies are used for all 
multireference structures. The active spaces for the multireference calculations were 
carefully chosen to include the most chemically relevant orbitals, and to yield accurate 
relative energies with respect to RCCSD(T) calculations (where such comparisons could 
be made) and because they were the smallest active spaces to behave properly over the 
extent of the surface of interest. Many points on the PESs of both systems can be 
properly treated with single-reference techniques. For such points, we optimized 
structures with RCCSD(T)/AVTZ calculations. Because several structures can be treated 
with both RCCSD(T) and MRCI+Q, we used these points in common to obtain a unified 
PES, which is a composite of RCCSD(T) and MRCI+Q energies for single- and 
multireference points respectively. Details on exactly how this was done in each case will 
be provided in sections 7.4 and 7.5. Cartesian xyz coordinates for all geometries 
discussed are provided in Appendix C. 
We found that the CAS-PT2 energies of structures with recoupled pair bonds are 
inaccurate. Table 7.1 shows good agreement between RCCSD(T) and MRCI+Q for the 
RPB bond energy of SF(a4Σ–); however, CAS-PT2 overshoots those values by ~13 
kcal/mol. We will show that the intermediate (INT) structures of DMS + F2 and H2S + F2 
are also bound by a recoupled pair bond. In accordance with this, Table 7.1 shows that 
the CAS-PT2 relative energy of INT for both systems is overbound again by at least 13 
kcal/mol with respect to MRCI+Q. While its ability to predict energy differences in 
structures with recoupled pair bonds is poor, CAS-PT2 geometries are in good agreement 
with those from MRCI+Q and RCCSD(T) calculations for SF(a4Σ-). Thus, we used CAS-
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PT2 for geometry optimizations in cases where MRCI+Q optimizations were cost 
prohibitive, but the energies were computed with MRCI+Q to yield the needed accuracy. 
The failure appears to lie in the limitations of second-order perturbation theory and is not 
isolated to multireference treatments; RHF-MP2 calculations also drastically 
overestimate the stability of RPBs. 
Generalized valence bond (GVB) wave functions, optimizing both the orbitals 
and spin function weights, were obtained using Molpro’s CASVB program.39-42 GVB 
orbitals give unique insights into bonding that is lacking in conventional molecular 
orbital descriptions. We analyze orbitals, orbital overlaps, and spin function weights, to 
gain a clear picture of the bonding that drives the reactions of DMS and H2S with F2. 
7.4. The H2S + F2 Reaction 
We first describe the H2S + F2 reaction. Table 7.2 shows the energies obtained for 
the various critical points illustrated in Figure 7.2. As explained in the Methods section, 
we can unify the MRCI+Q and RCCSD(T) PESs by referencing the energies to a point 
they have in common (H2S + F2, VDW and H2SF + F). All of these points are described 
well by a single-reference wave function. We chose H2S + F2 as the zero-point with 
which to unify both surfaces. This is a somewhat arbitrary choice, but as one can see 
from Table 7.2, choosing one of the other points would yield essentially identical results 
(to ~1 kcal/mol) for the unified PES, which is shown in Figure 7.3.  
The reaction begins with the formation of the van der Waals (VDW) minimum, 
which is bound by 1.1 kcal/mol relative to the H2S + F2 reactants. After traversing a 
barrier of 7.2 kcal/mol (TS1) with respect to dissociated reactants, the H2S + F2 
intermediate (INT) is reached. The H2S–F–F intermediate is analogous to the (CH3)2S–F–
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F intermediate reported by Lu et al.6,7 In this case however, INT lies 5.9 kcal/mol above 
the reactants with a barrier of 1.3 kcal/mol protecting it from returning to VDW. Given 
that this barrier is near the ~1 kcal/mol error inherent in ab initio calculations of this 
quality, and that ZPE corrections have not been taken into account, it is possible that the 
true barrier is smaller or nonexistent. The calculations predict the H2S–F–F intermediate 
to be metastable in contrast to the (CH3)2S–F–F intermediate discussed below, which is 
stable with respect to the DMS + F2 asymptote. The leading CI vector coefficients in the 
CAS calculation for INT are 0.879 and -0.477, indicating that the wave function has a 
large amount of multireference character. INT will not likely be well described with 
single-reference correlation methods. The two active orbitals in the CAS(2/2) active 
space for INT resemble the F2 σ and σ* orbitals, with antibonding character along the S-F 
axis. 
The bonding of INT is instructive for understanding the possible ways in which it 
can undergo further chemical transformations. The GVB orbitals of INT, H2SF(X2A′) and 
excited SF(a4Σ–) are shown in Figure 7.4. For all molecules shown, φ1 and φ3 are derived 
from the atomic S 3p2 pair (see Figure 7.1). φ2 and φ4 are derived from the 2p orbitals of 
the two F atoms. As noted above, in atomic sulfur or in divalent species such as H2S and 
DMS, φ1 and φ3 are singlet-coupled into a lone pair. These two orbitals correspond to the 
doubly occupied orbitals in the Hartree-Fock (HF) wave functions and, in fact, their 
overlap is quite high (~0.85). As we explained previously for SF(a4Σ–),11,16 upon approach 
of the F atom, the S 3p2 pair decouples, and one of the electrons couples to the electron in 
the F 2p orbital forming an SF bond. The dominant spin-coupling coefficient 
(weight = 0.989) is the perfect-pairing function, which has φ1-φ2 singlet coupled into a 
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pair instead of φ1-φ3 as in the atomic configuration. The perfect pairing function is also 
the dominant spin function in the open-shell H2SF (X2A′) molecule (weight = 0.966), 
where φ1-φ2 are singlet coupled and φ3 is coupled with this pair to give a doublet spin 
state. The dominant coupling of INT also has φ1-φ2 and φ3-φ4 singlet coupled 
(weight = 0.943) in which the S 3p2 pair has been decoupled, and the electron in the right 
lobe has been recoupled with that in the inner F 2p orbital, while the electron in the outer 
F 2p orbital has been coupled to the electron in the antibonding S 3p lobe leftover from 
forming the SF recoupled pair bond.  
The overlap between φ2 and φ4 in INT is quite small (0.22), much less than the 
overlap in the isolated F2(X1Σg+) sigma bond pair (0.57), implying a very weak F-F bond. 
Thus the bonding in INT corresponds to an S-F recoupled pair bond and a very weak, 
partial F2 bond. The bond lengths are further evidence for this. The recoupled pair bonded 
state of SF(a4Σ-) has a bond length of 1.893 Å while the S-F bond length of INT is 1.914 
Å; a normal covalent S-F bond length is on the order of 1.60 Å. Furthermore, the F-F 
bond length of INT is 1.836 Å, substantially longer than the equilibrium bond length of 
1.418 Å for F2 [at the RCCSD(T)/AVTZ level]. 
There are two ways in which to break the F–F bond in INT, leading to reaction 
products. First, the weak F–F bond can be broken by simply increasing the F–F distance. 
This pathway leads to H2SF(X2A′) + F(2P). H2SF has two S-H covalent bonds and one S-F 
recoupled pair bond. This set of products lies 10.4 kcal/mol above INT and 16.3 kcal/mol 
above the reactants. There does not appear to be a barrier along this reaction pathway. 
Alternatively, decreasing the F-F-S angle decreases the F(2p)-F(2p) overlap. This 
motion (with the distal F2 atom bent roughly anti to H1 as shown in Figure 7.2) traverses 
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a transition state (TS2) to the H2SFaxFeq product. Thus, the distal F2 atom becomes Fax, 
while the F1 atom of the recoupled pair bond becomes Feq. MRCI+Q frequencies were 
calculated to verify that TS2 is a true transition state with one imaginary mode (122i cm-
1). The IRC for this reaction is shown in Figure 7.5 and displays an unusual flat plateau-
like shape near TS2. The frontier natural orbitals and corresponding occupations are 
shown at key points along the IRC in the insets of Figure 7.5. As noted earlier, the 
intermediate has substantial multireference character with frontier orbital occupations of 
~1.5 and ~0.5. Interestingly, the multireference character is most pronounced at TS2, 
where the system is essentially an open-shell singlet, with nearly equal occupations of the 
two frontier orbitals. This suggests that if the reaction were to occur, it would likely 
proceed via a roaming-atom type mechanism.43 
As noted in Figure 7.3, there are two products associated with this pathway, 
H2SFaxFeq and H2SFaxFax. Both of these products have a sawhorse structure, see Figure 7.2, 
which is analogous to that of SF4. The axial bonds in both of these species comprise a 
recoupled pair bond dyad; the equatorial bonds are standard covalent bonds.11 As 
discussed in the introduction, more electronegative ligands form stronger recoupled pair 
bond dyads. Thus we expect the H2SFaxFax isomer to be much more stable than the 
H2SFaxFeq isomer. Even though H2SFaxFax is more stable, the reaction path from TS2 
passes through the less stable isomer first. The transition state between the two F2 
addition products (TS3) was optimized at the MP2/AVTZ level of theory, and the energy 
was corrected with a single-point RCCSD(T)/AVTZ calculation; this barrier is well 
below the earlier barriers in the system and would present no impediment to forming 
H2SFaxFax from H2SFaxFeq. 
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To summarize, we have found that H2S and F2 can react, but the barriers are 
high—13.1 kcal/mol to form H2SFaxFeq and H2SFaxFax and 16.3 kcal/mol to form 
H2SF + F. These results explain why no reaction was observed between H2S and F2 in the 
room temperature flow tube studies of Turnipseed and Birks.4 Further, the two addition 
products would be formed vibrationally hot; collisions with a third body would be 
required to stabilize them. Thus, crossed beam studies, even at high collision energies, 
would likely not detect products. Indeed, the only easily accessible point on the PES at 
modest temperatures is the van der Waals minimum, which has been observed in 
rotational spectroscopy studies and whose geometry is in reasonable agreement with 
ours.44 We have also shown that the important points on the PES (INT, H2SF, H2SFaxFeq 
and H2SFaxFax) involve recoupled pair bonds, with INT having a very unusual bonding 
structure formed by singlet coupling the electron in the H2S–F antibonding orbital with 
the electron in the singly occupied F(2p) orbital on the outer F atom. 
7.5. The (CH3)2S + F2 Reaction 
Given our findings for the H2S + F2 reaction, we decided to revisit the work of Lu 
et al.6,7 on (CH3)2S + F2. In addition to obtaining more accurate energy differences, these 
studies will provide a rationale for the absence of direct F2 addition products in this 
reaction. Finally, we will show that this reaction, as for the previous reaction, is totally 
dependent on the ability of sulfur and fluorine to form recoupled pair bonds. As we have 
done for H2S + F2, we will use the GVB orbitals at important points on the DMS + F2 
potential energy surface to gain insights into the nature of the possible reaction paths. 
Figure 7.6 shows the optimized structures of interest on the DMS + F2 PES (see 
Figure 7.7). The same procedure discussed above for unifying the MRCI+Q and 
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RCCSD(T) potential energy surfaces was used here. Table 7.4 shows the MRCI+Q and 
RCCSD(T) energies of various structures on the DMS + F2 PES. The (CH3)2SF + F 
asymptote was used as the common reference point to stitch the two surfaces together. 
We chose this point over the DMS + F2 asymptote because the orbitals in the CAS(4/4) 
active space are more stable for (CH3)2SF + F. For DMS + F2, there are two molecules on 
which to place antibonding virtual orbitals, but there is only one for (CH3)2SF + F. This 
leads to more stable and reliable orbitals in the CAS calculations. However, as is evident 
from Table 7.4, the energies of the composite PES shown in Figure 7.7 would change 
very little (1.6 kcal/mol) if we had chosen the DMS + F2 asymptote. 
In contrast to H2S + F2 we found no van der Waals minimum in the entrance 
channel. However, we did find a (CH3)2S–F–F intermediate (INT) that is bound by 7.4 
kcal/mol. Lu et al. found that INT was bound by 17.5 kcal/mol (from Figure 9 of ref. 7), 
but as we noted earlier, CAS-PT2 overestimates the stability of structures with recoupled 
pair bonds as in the H2S–F–F and (CH3)2S–F–F intermediates. Interestingly, the 
intermediate in the DMS + F2 reaction is 13.3 kcal/mol more stable than that of the H2S + 
F2 reaction. The wave function of the (CH3)2S–F–F intermediate has similar leading CI 
vector coefficients as that of the H2S–F–F intermediate. Thus, its wave function also 
exhibits a large amount of multireference character. Two of the orbitals in the CAS(4/4) 
active space of the (CH3)2S–F–F intermediate are analogous in character to those of the 
CAS(2/2) active space used for the H2S–F–F intermediate. These are the orbitals that are 
responsible for most of the multireference character of the wave function. The other two 
orbitals in the CAS(4/4) active space of the intermediate are an S-F bonding orbital, and 
an S 3dz2 virtual orbital oriented along the S-F bond axis.  
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The GVB orbitals of the DMS + F2 intermediate (INT) are shown in Figure 7.8. 
There is an obvious resemblance to the orbitals of the analogous H2S–F–F structure 
(Figure 7.4). The dominant spin-coupling coefficient (weight = 0.96) is the perfect-
pairing function in which the singlet coupled pairs are φ1-φ2 and φ3-φ4, again indicating a 
recoupling of the orbitals from the fragments. The overlap φ2 and φ4 is 0.224, essentially 
the same as for the H2S–F–F intermediate. Likewise, INT again exhibits long S–F (1.944 
Å) and F–F (1.800 Å) bonds. Thus, just as for the H2S + F2 reaction, the S–F–F system of 
the DMS + F2 intermediate is composed of an S-F recoupled pair bond and a very weak 
F-F bond, as evidenced by the bond lengths, small F-F overlap, spin-coupling coefficients 
and shapes of the orbitals. Other effects such as electrostatic attraction may also 
contribute to the stability.  
The energy cost for breaking the partial F-F bond of INT to yield (CH3)2SF + F is 
10.9 kcal/mol. This set of products is calculated to lie 3.5 kcal/mol above the DMS + F2 
asymptote, in good agreement with Lu et al.6,7 The bonding in (CH3)2SF is analogous to 
that in H2SF—there are two covalent S-C bonds and an S-F recoupled pair bond. The 
three orbitals illustrating the S-F recoupled pair bond in (CH3)2SF are shown in Figure 
7.8: φ1 and φ3 have been decoupled, and φ1 has been recoupled to φ2. The weight of the 
spin-function coupling φ1 and φ2 into a singlet is 0.981. Note that (CH3)2SF is 12.8 
kcal/mol more stable than H2SF with respect to the reactants in each case, which is close 
to the 13.3 kcal/mol stability difference for the respective intermediates. Thus, there 
appears to be a consistent substituent effect that stabilizes X2S structures containing an S-
F recoupled pair bond. 
151 
The lowest barrier from INT is TS1, yielding CH2S(F)CH3 + HF, as was 
discussed by Lu et al.6,7 The pathway for forming this product from INT initially involves 
bending the F-F-S angle so that the distal fluorine interacts with one of the methyl 
hydrogens as shown in Figure 7.6. We used the reaction path reported by Lu et al. to 
characterize the traversal of the TS1 barrier7 (private communication, J. J. Lin). The 
reaction path of Lu et al. was not fully optimized, and thus does not traverse a true 
transition state, giving an upper bound to the true minimal energy path. Figure 7.7 shows 
that TS1 is isoenergetic with the reactants, while the CAS-PT2 calculations of Lu et al. 
predicted that TS1 was a submerged barrier, lying 12 kcal/mol below DMS + F2 
(estimated from Figure 12 of ref 7. Note: TS1 of this work is labeled TS2 in Lu et al.).7 
Even though the relative energetics calculated with CAS-PT2 are not consistent with 
those from MRCI+Q, the qualitative result of a barrierless reaction is the same: Our result 
is still consistent with the experimental findings of Lu et al. As we noted in previous 
sections, CAS-PT2 calculations tend to overestimate the stability of structures with 
recoupled pair bonds. 
The CH2S(F)CH3 product also exhibits recoupled pair bonding. In fact, it exhibits 
an unusual form of a recoupled pair bond dyad. First, consider the bonding in (CH3)2S-F, 
which was described above as having two covalent S-C bonds, and one recoupled S-F 
bond. In the natural orbital (or strongly orthogonal GVB) framework, there is a singly 
occupied antibonding orbital localized along the S-F bond axis. This is depicted in Figure 
7.9. When the F atom abstracts one of the methyl hydrogens (oriented toward the 
previous dangling fluorine as in INT), a singly occupied C 2p-like orbital oriented 
roughly parallel to the S-F antibonding orbital is formed. These two orbitals form a π-like 
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bond as depicted on the right in Figure 7.9. The overlap of the CH2 2p-like orbital and the 
SF antibonding orbital is 0.68, which is typical of a π bond. The formation of the π-like 
bond decreases the antibonding character of the S–F orbital, and thus drastically shortens 
the S-F bond from 2.008 Å in (CH3)2SF to 1.763 Å in CH2S(F)CH3. Furthermore, the S-C 
bond length (for the CH2 moiety) decreases from 1.795 Å in (CH3)2SF to 1.612 Å in 
CH2S(F)CH3, consistent with the formation of second (π) bond. 
We discovered a direct F2 addition pathway for H2S + F2. Using this reaction as a 
prototype, we explored possible pathways from INT to (CH3)2SFaxFeq analogous to that of 
the direct F2 addition reaction for H2S. We did find one such pathway with a barrier, TS2, 
which has an energy of +1.4 kcal/mol relative to the reactants. However, “TS2” is not a 
true transition state; it is not a stationary point because the non-zero gradient points 
downhill in energy toward the CH2S(F)CH3 + HF reaction path. This would explain why 
no direct F2 addition products are observed experimentally. The pathway traversing TS2 
is long and flat just as for H2S + F2. So any trajectories that attempt this pathway have a 
long distance to travel in configuration space in which there is the opportunity to fall 
downhill to the observed pathway over TS1 or revert back to the intermediate. 
Alternatively, an F atom could dissociate along this pathway and lead to the observed 
(CH3)2SF product, which lies just a couple of kcal/mol higher. Ab initio molecular 
dynamics trajectories would be necessary to verify this explanation and fully describe 
why no direct F2 addition products are observed. 
Finally, the two sawhorse structures of (CH3)2SF2 are analogous in bonding to 
those of H2SF2 and SF4. The axial positions are composed of a recoupled pair bond dyad, 
and the equatorial positions are typical covalent bonds. As we discussed previously, the 
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more electronegative ligands prefer the recoupled pair bond dyad positions in SX4; thus, 
(CH3)2SFaxFax is more stable than (CH3)2SFaxFeq. The transition state between the two 
sawhorse structures (TS3) was optimized at the MP2/AVTZ level of theory, and the 
energy was calculated with RCCSD(T)/AVTZ. As for H2S + F2, if the system could 
access (CH3)2SFaxFeq, TS3 would not impose a significant impediment to the formation of 
(CH3)2SFaxFax. 
7.6. Conclusions. 
We have studied both the H2S + F2 and (CH3)2S + F2 reactions with high-level ab 
initio calculations. We have shown that recoupled pair bonding plays a pivotal role in 
each of these reactions. Intermediates in both reactions feature an S–F recoupled pair 
bond, and a very weak F–F bond as evidenced by bond strengths, bond lengths and GVB 
orbital analysis. The lowest barrier studied for H2S + F2 (13.1 kcal/mol) yields the direct 
F2 addition product, H2SFaxFeq, which possesses an H–S–F recoupled pair bond dyad, 
which can then rearrange to the more stable H2SFaxFax product. The second reactive 
channel corresponds to F–F bond cleavage (a net F abstraction) in the H2S–F–F 
intermediate, yielding H2SF + F. This lies 16.3 kcal/mol above the reactants. The high 
energetic demands for F2 addition and F abstraction explain why no reaction was 
observed for this system in Turnipseed’s flow tube studies at room temperature.4 
For DMS + F2, a reaction studied previously by Lu et al.,6,7 there are analogous 
pathways for forming a (CH3)2S–F–F intermediate and a (CH3)2SF + F product. However, 
for this reaction, there is an additional pathway yielding CH2S(F)CH3 + HF. This latter 
pathway has no barrier. The pathway leading to the direct F2 addition product, 
(CH3)2SFaxFeq, appears to require an energy above that of the reactants with many 
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opportunities for forming the CH2S(F)CH3 + HF product, explaining why no direct F2 
addition products were observed in Lu et al.’s crossed molecular beam experiments. 
Interestingly, both the (CH3)2S–F–F intermediate and (CH3)2SF are about 13.0 
kcal/mol more stable than their counterparts on the H2S + F2 surface, relative to reactants. 
This appears to be due to a consistent substituent effect from the groups covalently bound 
to sulfur on the S-F recoupled pair bond, which will be discussed more fully in a later 
paper. 
As a cautionary note, we found that CAS-PT2 calculations tend to overestimate 
the stability of structures with recoupled pair bonds by 10-20 kcal/mol. Thus, this method 
should be used with caution for reactions involving the second row, late p-block elements 
and very electronegative reactants.  
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7.8. Tables 
Table 7.1. Benchmark results for equilibrium structures with S-F recoupled pair bonds.  
structure method ΔE  re  
SF(4Σ-) RCCSD(T) -35.4 1.893 
 MRCI+Qa -32.6 1.926 
 CAS-PT2a -47.1 1.921 
 MP2 -42.9 1.885 
H2SF2 INT MRCI+Qb 5.9  
 CAS-PT2b -7.6  
(CH3)2SF2 INT MRCI+Qc -5.8  
 CAS-PT2d -24.1  
a Full-valence CAS.   b CAS(2/2). c CAS(4/4)-MRCI+Q/AVTZ energy on CAS(2/2)-
PT2/AVTZ minimum. d CAS(2/2). Energies are in kcal/mol relative to reactants and 
distances are in Å. ΔE is De for SF, but for INT, is the relative binding of INT with 
respect to X2S + F2. 
 
 
Table 7.2. Relative energies of critical points on the H2S + F2 potential energy surface.a  
structure ΔEMRCI+Q ΔERCCSD(T) 
H2S + F2 0.0 0.0 
VDW -0.8 -1.1 
TS1 7.2 — 
INT 5.9 — 
H2SF + F 15.2 16.3 
TS2 13.1 -- 
H2SFaxFeq — -55.1 
TS3 — -35.3 
H2SFaxFax — -83.9 
a Energies in kcal/mol. Basis set: ATVZ. 
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Table 7.3. Selected geometric parameters for critical points on the H2S + F2 potential 
energy surface.  
structure parameter value  structure parameter value 
VDWa F-F 1.425  H2SFeqFaxa S-Fax 1.755 
 S-F 3.095   S-Feq 1.608 
 F-F-S 178.3   S-Hax 1.386 
 S-H 1.339   S-Heq 1.341 
 H-S-H 92.3   Fax-S-Hax 159.9 
     Feq-S-Heq 111.5 
TS1b F-F 1.718  TS3c S-F1 1.624 
 S-F 2.021   S-F2 1.905 
 F-F-S 178.4   F1-S-F2 117.5 
     H1-S-H 87.9 
       
INTb F-F 1.836  H2SFa S-F 1.976 
 S-F 1.914     
 F-F-S 176.4     
       
TS2b F1-F2 2.566  H2SFaxFaxa S-Fax 1.717 
 S-F1 1.953   S-Heq 1.333 
 F2-F1-S 77.5   Fax-S-Fax 168.8 
 F2-F1-S-H1 -162.7   Heq-S-Heq 99.1 
       
a RCCSD(T)/AVTZ.   b CAS(2/2)-MRCI+Q/AVTZ.   c MP2/AVTZ. Bond lengths are in 
Å and angles in degrees. 
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Table 7.4. Relative energies of critical points on the DMS + F2 potential energy surface.a  
structure ΔEMRCI+Q ΔERCCSD(T) 
DMS + F2 0.0 0.0 
INT -5.8 -- 
(CH3)2SF + F 5.1 3.5 
TS1 1.7 -- 
TS2 3.0 -- 
(CH3)2SFaxFeq -- -70.8 
CH2S(F)CH3 -- -76.2 
TS3 -- -54.0 
(CH3)2SFaxFax -- -98.8 
a Energies in kcal/mol. Basis set: ATVZ. 
 
Table 7.5. Selected geometric parameters for points on the (CH3)2S + F2 potential energy 
surface.  
structure parameter value structure parameter value 
INTb F-F 1.800 (CH3)2SFeqFaxa S-Fax 1.817 
 S-F 1.944  S-Feq 1.610 
 F-F-S 169.9  S-Cax 1.847 
 S-C 1.786  S-Ceq 1.793 
 C-S-C 100.6  Fax-S-Cax 167.5 
(CH3)2SFa S-F 2.008  Feq-S-Ceq 107.0 
 S-C 1.795    
TS1b F-F 1.777 (CH3)2SFaxFaxa S-Fax 1.748 
 S-F 1.985  S-Ceq 1.800 
 F-F-S 134.7  Fax-S-Fax 176.1 
 F-F-S-C1 -80.3  Ceq-S-Ceq 102.3 
TS2b F-F 1.949 CH2S(F)CH3a S-F 1.763 
 S-F 2.023  S-C1 1.612 
 F-F-S 130.0  S-C2 1.797 
 F-F-S-C1 179.8  C1-S-F 116.1 
a RCCSD(T)/AVTZ.   b CAS(2/2)-PT2/AVTZ geometry with CAS(4/4)-
MRCI+Q/AVTZ energy. Bond lengths are in Å and angles in degrees. 
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7.9. Figures 
 
Figure 7.1. GVB orbitals of the S and F atoms in SF(a4Σ–) at large separation. The black 
lines indicate singlet couplings at large separation (solid) and at re (dotted). φ1 and φ3 
comprise the S 3p2 pair as a set of lobe orbitals. φ2 is the fluorine 2p orbital. The optimum 
orbitals for SF(a4Σ–) are plotted in Figure 7.4. 
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Figure 7.2. Molecular structures of critical points on the H2S + F2 potential energy 
surface. Selected geometric parameters are shown in Table 7.3. 
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Figure 7.3. Energies of the critical points on the H2S + F2 potential energy 
surface. See text for methodological details. 
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Figure 7.4. GVB orbitals for selected critical points on the H2S + F2 potential energy 
surface (INT, H2SF) and for SF(a4Σ-) at re. 
 
 
 
 
Figure 7.5. Intrinsic reaction coordinate (IRC) for the H2S + F2 reaction passing through 
TS2. Frontier natural orbitals are shown in the insets with their electron occupations 
displayed below them. The IRC geometries were calculated at the CAS(2/2)-PT2/AVTZ 
level, and single-point energies were calculated at the CAS(2/2)-MRCI+Q/AVTZ level of 
theory. 
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Figure 7.6. Molecular structures of points on the (CH3)2S + F2 potential energy surface. 
Selected geometric parameters are shown in Table 7.5. 
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Figure 7.7. Energies of points on the (CH3)2S + F2 potential energy surface. 
See text for methodological details. 
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Figure 7.8. GVB orbitals for the bound (CH3)2SF2 intermediate and (CH3)2SF. 
 
 
 
 
Figure 7.9. GVB orbitals of the C-S π bond-pair (πL and πR, right) and the antibonding 
GVB(SO) orbital of (CH3)2SF (left) from which πR is derived. 
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Chapter 8. Summary and Conclusions 
8.1. Introduction 
The research described in this thesis focused on understanding bonding and 
isomerism in hypervalent sulfur and phosphorus compounds, quantifying their impact on 
the structure, energetics and spectra of these compounds. The unusual reactivity of 
divalent sulfur compounds with F2 was also studied. We found that the recoupled pair 
bond (RPB) model explained and even predicted many of these findings. Below is a 
summary of the most interesting findings reported in previous chapters.  
8.2. Summary 
Chapters 1 and 2 give an introduction to the background information relevant to 
this work, as well as an introduction to the ab initio methodology employed. In Chapter 3, 
the bonding and isomerism of SFn-1Cl (n=1-6) was discussed. It was found that there were 
many similarities between the SFn and SFn-1Cl series, as would be expected, but there 
were also some interesting differences. The SFn-1Cl series afforded us the opportunity to 
examine the isomerism present in ground and excited states with multiple bonding modes 
(e.g. recoupled or covalent). We showed that many of the important ground and excited 
state structures can be understood and even anticipated by the recoupled pair bonding 
model. We found that the various isomers were essentially isoenergetic, except for a few 
specific instances where there was a singly occupied antibonding orbital remaining from 
recoupling. The isomer with Cl taking part in that bond was consistently the more stable 
one. We explained that this is because the S-Cl antibonding orbital is less destabilizing 
than the S-F antibonding orbital. As we discussed in Chapter 6, this argument can be 
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translated to the full GVB framework by noting that the number of unfavorable overlaps 
is smaller for the cases where S-Cl takes part in the recoupled pair position. This is the 
same argument put forth in Chapter 6 to explain the isomerism of the triplet states of 
PF2Cl and the ground state isomers of PF3Cl.  
Using the insight provided by the recoupled pair bonding model, we reported 
three isomers that one might otherwise have missed, and that have not previously been 
reported in the literature. First, we discovered two bond-stretch isomers on the SFCl 3A″ 
excited state surface. One isomer had a polar covalent SF bond and an SCl recoupled pair 
bond, and in the other, these bond types were reversed. The third unusual isomer is SF2Cl 
(2A′), in which there are two S-F covalent bonds and one long S-Cl recoupled pair bond. 
This isomer adopts a pyramidal shape rather than that of the expected isomers 
(approximately T-shaped). However the shape is clearly anticipated by the recoupled pair 
bonding model. 
Chapter 4 describes our study of SCln, in which we studied the effect of full Cl 
substitution on the SFn series. We found that many of the ground and excited state 
minima were analogous to those of SFn and SFn-1Cl with a few exceptions. The SCl2 (3A2) 
state, analogous to the bond-stretch isomers discussed above, is actually a transition state 
on the potential energy surface. Further, the pyramidal SCl3 isomer analogous to the 
SF2Cl (2A′) isomer discussed above is absent. We found that this can be easily explained 
by a consistent destabilization effect present upon substitution of F with Cl in SFn, which 
was reported in Chapters 3 and 4. As discussed in Section 4.4, the barriers protecting the 
interesting isomers discussed above for SFn-1Cl are quite small, so the Cl-destabilization 
effect can easily remove them, such that the structures cease to be minima in SCln. For 
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the bond stretch isomers, there is a progression in barrier height protecting analogous 
structures for SF2 (3A2), SFCl (3A″) and SCl2 (3A2) that monotonically decreases to zero in 
the case of SCl2 (3A2). 
In Chapter 5, we returned to SF, SCl and SF2, SFCl and SCl2. In Chapters 3 and 4, 
we discussed their lowest excited states, which have higher spin multiplicities (quartet for 
diatomic, and triplet for triatomic) than their ground states (doublet for diatomic and 
singlet for triatomic). Thus, the lowest excited states are difficult to observe in electronic 
excitation absorption spectroscopy experiments due to the transitions being spin-
forbidden. In Chapter 5, we reported on the analogous excited states, of lower spin 
multiplicities (doublet for diatomic and singlet for triatomic), which have the same spin 
multiplicities as their ground states, and thus transitions would be formally spin-allowed. 
We showed, that the doublet and singlet excited states are predictably higher lying than 
their high-spin counterparts due to a loss of favorable triplet coupling between the singly 
occupied orbitals. We discovered, again, that there were bond-stretch isomers present on 
the SFCl (1A″) potential energy surface, and we predicted that their signature could be 
observed through electronic excitation absorption experiments, which have yet to be 
reported. 
After having treated the isomerism in SFn-1Cl, we studied isomerism in PFn-1Cl. In 
Chapter 6 we presented results on the isomers of PF2Cl, PF3Cl and PF4Cl. We found that 
Muetterties’1,2 and Bent’s3,4 rules appear to be violated (if they are assumed to apply) in 
the triplet excited states of PF2Cl, and the ground state isomers of PF3Cl. In other words, 
the Cl atom occupies the axial positions in the more stable isomers, not the more 
electronegative F atom. We showed that this can be explained by the magnitude of the 
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unfavorable GVB orbital overlap in the isomers for which Cl occupies the equatorial 
position in PF2Cl, and by extension, PF3Cl. The observed isomerism of PF4Cl, favoring 
PF4Cl-eq, in accord with Bent’s and Muetterties’ rules, can be explained by the fact that 
recoupled pair bond dyads with more electronegative ligands are more stable. Thus 
PF4Cl-eq can be expected to be more stable. 
Finally, in Chapter 7, we discussed the impact of recoupled pair bonding on the 
reactivity of divalent sulfur compounds (CH3)2S (DMS) and H2S with molecular fluorine. 
Both systems had been studied experimentally and yielded interesting but strikingly 
different results.  Two reaction channels were found by Lu et al. for DMS + F2.5,6 There 
was no barrier for the channel, (1a) of Chapter 7, that produced CH2S(F)CH3 + HF, a 
most unusual result for a reaction between two closed-shell species. The second channel, 
(1b), yielded the open-shell (CH3)2SF + F product with an energy equal to the 
endothermicity of the reaction. However, H2S was shown to yield no reaction in flow 
tube studies.7 Curiously, no direct F2 addition products, resulting in the sawhorse 
structures of (CH3)2SF2 analogous to that of SF4 were detected by Lu et al., despite that 
fact that (CH3)2SFaxFax is the lowest energy product. Further, Lu et al. calculated an 
interesting structure for a reactive intermediate of the DMS + F2 reaction.  
We showed that the reactive intermediates in both the DMS + F2 and H2S + F2 
reactions were bound by recoupled pair bonding. Indeed we showed that nearly every 
structure on the potential energy surfaces, other than the reactants, has some form of 
recoupled pair bonding! Using the insight provided by the RPB model, we were able to 
identify possible direct F2 addition paths for both systems. The reaction path for DMS + 
F2 was found to traverse a barrier with a gradient that points downhill toward the 
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observed reaction channel (1a), thus explaining why this pathway was never observed. 
We also verified that the barrier heights for the H2S system were much higher than those 
of DMS, explaining why no reaction was observed in flow tube studies. Finally, we 
found, using higher-level ab initio theory than did Lu et al., that the observed reaction 
channel (1a) is barrierless, as observed experimentally. 
8.3. Conclusions 
Throughout this thesis we have verified the utility and predictive power of the 
recoupled pair bonding model, backed up by accurate ab initio calculations. This model 
provides unrivaled insights into the structures, energetics, spectra and reactivities of 
compounds of sulfur and phosphorus with very electronegative ligands and reactants. The 
group is continuing research into the bonding, structure, energetics, spectra and reactivity 
of second row (Na–Ar) compounds as this thesis is being written, and will no doubt 
continue to do so for many years after the author graduates. I am grateful for having 
learned a valuable skill set of high-level ab initio methodology, and having gained an 
important viewpoint into many aspects of chemistry. 
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Appendix A. Supporting Information for Chapter 3 
 
 
 
 
 
 
Table A.1. Comparison of B3LYP and RCCSD(T) geometric parameters and harmonic 
vibrational frequencies of SFn-1Cl minima with AVTZ basis sets.a   
molecule state  parameter mode frequency 
   B3LYP RCCSD(T)  B3LYP RCCSD(T) 
SF 2Π r 1.611 1.608 SF str 822.82 829.07 
SF 4Σ– r 1.923 1.893 SF str 467.10 501.19 
SCl 2Π r 1.995 1.995 SCl str 560.84 563.94 
SCl 4Σ– r 2.392 2.367 SCl str 327.29 348.49 
        
SFCl 1A′ rSF 1.621 1.614 Bend 265.95 271.09 
  rSCl 2.020 2.014 SCl str 528.56 544.12 
  θFSCl 101.33 100.39 SF str 770.87 790.42 
        
SFCl(2) 3A″ rSF 1.688 1.676 Bend 191.69 211.57 
  rSCl 2.147 2.129 SCl str 372.95 392.18 
  θFSCl 154.39 153.12 SF str 596.73 622.43 
        
SFCl(3) 3A″ rSF 1.587 1.582 Bend 113.25 172.20 
  rSCl 2.433 2.360 SCl str 318.80 357.01 
  θFSCl 92.37 88.29 SF str 833.63 839.86 
        
SFCl(4) 3A″ rSF N/A 1.897 Bend N/A 167.12 
  rSCl N/A 1.978 SCl str N/A 565.78 
  θFSCl N/A 89.57° SF str N/A 406.39 
a “N/A” indicates there was no minimum at the given level of theory. Bond lengths are in 
Å, bond angles are in degrees, and frequencies are in cm-1. The numbering convention for 
SFCl is explained in the text of Chapter 3. 
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Table A.2. Geometric parameters and harmonic frequencies of the transition states 
between the three minima of SFCl(3A″) at the RCCSD(T)/AVTZ level.a 
TS Parameter Mode Frequency 
     
4→3 rSF 1.776 Bend 321.2 
 rSCl 2.050 ‘sym’ str 560.0 
 θFSCl 85.62 ‘asym’ str 347.8i 
     
4→2 rSF 1.930 SF str 481.0 
 rSCl 1.969 SCl str 574.2 
 θFSCl 101.51 Bend 160.3i 
     
3→2 rSF 1.584 SCl str 306.5 
 rSCl 2.415 SF str 844.2 
 θFSCl 104.00 Bend 172.4i 
     
2→2 (inversion) rSF 1.686 SCl str 387.3 
 rSCl 2.139 SF str 613.0 
 θFSCl 180.00 Bendb  
a Bond lengths are in Å, bond angles are in degrees, and frequencies are in cm-1. The 
numbering convention for SFCl is explained in the text of Chapter 3. b The potential of 
the bending mode is very flat. The linear geometry is a minimum with a very small 
barrier to 2 that is very close to the linear structure; therefore the value of bending mode 
is dependent on the step size for a finite difference frequency calculation. Thus, we do 
not report this value. 
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Table B.1. Comparison of B3LYP and RCCSD(T) geometric parameters and harmonic 
vibrational frequencies of SCln stationary points with AVTZ basis sets.a 
molecule state  parameter mode frequency 
   B3LYP RCCSD(T)  B3LYP RCCSD(T) 
SCl 2Π r 1.995 1.995 SCl str 561 564 
SCl 4Σ– r 2.392 2.367 SCl str 327 348 
        
SCl2 1A1 rSCl 2.038 2.031 bend 200 203 
  θClSCl 104.07 102.60 asym str 495 519 
     sym str 509 520 
        
SCl2 3B1 rSCl 2.148 2.132 bend 153 165 
  θClSCl 148.68 146.97 asym str 337 357 
     sym str 352 363 
        
SCl2 3A2 rSCl 2.188 2.172 bend 223 227 
  θClSCl 89.27 88.41 asym str 850i 816i 
     sym str 434 443 
        
a Bond lengths are in Å, bond angles in degrees, and frequencies are in cm-1.  
 
175 
Appendix C. Supporting Information for Chapter 7 
 
 
C.1.  H2S + F2 Geometries 
 
AVTZ= {S, aug-cc-pV(T+d)Z; F, aug-cc-pVTZ; C, cc-pVTZ; H, cc-pVTZ} 
  
H2S 
3 
CCSD(T)/AVTZ 
S          0.0000000000        0.0000000000       -0.0548420109 
H          0.0000000000        0.9661865135        0.8721922286 
H          0.0000000000       -0.9661865135        0.8721922286 
 
F2 
2 
CCSD(T)/AVTZ 
F          0.0000000000        0.0000000000       -0.7090510445 
F          0.0000000000        0.0000000000        0.7090510445 
 
VDW 
5 
CCSD(T)/AVTZ 
S         -0.0497610784        0.0000003719        2.0063120745 
H          0.8771569803        0.9663725162        2.0280018239 
H          0.8769980534       -0.9665241225        2.0280035762 
F         -0.0302676941        0.0000237155       -1.0883505811 
F          0.0211752009       -0.0000162998       -2.5125086696 
 
H2SF 
4 
RCCSD(T)/AVTZ 
S         -0.0520833182        0.0000016110        0.7094888044 
H          0.8571250836        0.9800368297        0.6431112195 
H          0.8571012836       -0.9800610259        0.6431673628 
F         -0.0030553170       -0.0000014349       -1.2655117750 
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H2SFaxFeq 
5 
CCSD(T)/AVTZ 
S         -0.0585561038       -0.6256312980       -0.1667842047 
F          0.0043556473        0.3813205623        1.2690833842 
F          0.0191529235        0.7891071737       -0.9266405961 
H          1.1496126831       -1.0210087381        0.2612704809 
H          0.2698005598       -1.1403484836       -1.4109068587 
 
 
H2SFaxFax 
5 
CCSD(T)/AVTZ 
S          0.0000000000        0.0000000000        0.1132532844 
F         -1.7083063148        0.0000000000       -0.0543975877 
H          0.0000000000       -1.0144049580       -0.7514940546 
H          0.0000000000        1.0144049580       -0.7514940546 
F          1.7083063148        0.0000000000       -0.0543975877 
 
INT 
5 
MRCI+Q/AVTZ 
S         -0.0396497545        0.0000005300        1.5164767043 
H          0.8732213440        0.9724590761        1.4894742817 
H          0.8732472397       -0.9724350704        1.4894969076 
F         -0.0534315913       -0.0000039369       -0.4767971167 
F          0.0276839317        0.0000017690       -2.2403190199 
 
TS1  
5 
MRCI+Q/AVTZ 
S         -0.0397533579       -0.0000793143        1.5164876805 
H          0.8797423598        0.9662106578        1.4915503959 
H          0.8666173061       -0.9786172160        1.4891172241 
F         -0.0530930553        0.0016064190       -0.4768669835 
F          0.0275260060       -0.0008143587       -2.2403576778 
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TS2 
5 
MRCI+Q/AVTZ 
S         -0.3042504917       -0.1285027681        1.1360629641 
H         -0.4558079150        1.1471762397        0.7749853775 
H          0.5898591457        0.1280294100        2.0933265294 
F          1.2266021074       -0.1806488123       -0.0666653339 
F         -0.5880194441        0.2531994069       -1.7414080648 
 
TS3 
5 
MP2/AVTZ     
S    -0.000106    -0.002514    -0.001116 
F    -0.000320     0.002997     1.623239 
F     1.689736     0.000924    -0.881626 
H     0.352859     1.277780    -0.069139 
H    -1.331795     0.416657    -0.034949 
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C.2.  (CH3)2S + F2 Geometries 
  
AVTZ= {S, aug-cc-pV(T+d)Z; F, aug-cc-pVTZ; C, cc-pVTZ; H, cc-pVTZ} 
 
DMS 
9 
CCSD(T)/AVTZ 
S          0.0000000000        0.0000000000       -0.3876696990 
C          0.0000000000        1.3708784924        0.7947028812 
C          0.0000000000       -1.3708784924        0.7947028812 
H          0.0000000000       -2.2968285321        0.2197891428 
H          0.0000000000        2.2968285321        0.2197891428 
H          0.8927750827       -1.3413030670        1.4211193638 
H         -0.8927750827       -1.3413030670        1.4211193638 
H         -0.8927750827        1.3413030670        1.4211193638 
H          0.8927750827        1.3413030670        1.4211193638 
 
DMSF 
10 
RCCSD(T) /AVTZ 
C         -0.6959541047        1.3800541920       -0.4797749539 
C         -0.6959541047       -1.3800541920       -0.4797749539 
S         -0.3029798149        0.0000000000        0.5992780594 
H         -0.4031944027       -2.2896612139        0.0422587364 
H         -0.4031944027        2.2896612139        0.0422587364 
H         -1.7661802914       -1.3955845720       -0.6883451732 
H         -1.7661802914        1.3955845720       -0.6883451732 
H         -0.1079090131       -1.2725025223       -1.3894571643 
H         -0.1079090131        1.2725025223       -1.3894571643 
F          1.5603791473        0.0000000000       -0.1496910053 
 
(CH3)2SFaxFeq 
11 
CCSD(T)/AVTZ  
S          0.0317544902        0.0520580408       -0.0351522948 
C          0.0024914192        0.0294514475        1.8110802317 
C          1.8230131143        0.0435735045       -0.1073662298 
F         -0.4442884585       -1.4847978833        0.0232586295 
F          0.1051935234       -0.3152818655       -1.8127821662 
H          2.1299119132        0.4416524575       -1.0674435552 
H          2.2130173841        0.6180015297        0.7311155765 
H          2.1246673173       -1.0020248641       -0.0189636315 
H         -1.0302368992       -0.1323053356        2.1204711007 
H          0.6457213983       -0.7377986983        2.2447315193 
H          0.3206341543        1.0236592371        2.1364381711 
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(CH3)2SFaxFax 
11 
CCSD(T)/AVTZ 
S          0.0000000000        0.0000000000       -0.3193862266 
C          0.0000000000        1.4025900639        0.8095568558 
C          0.0000000000       -1.4025900639        0.8095568558 
F         -1.7465560772        0.0000000000       -0.2598662075 
F          1.7465560772        0.0000000000       -0.2598662075 
H          0.0000000000       -2.3043202645        0.1992314018 
H          0.0000000000        2.3043202645        0.1992314018 
H          0.9062828421       -1.3534639650        1.4069003789 
H         -0.9062828421       -1.3534639650        1.4069003789 
H         -0.9062828421        1.3534639650        1.4069003789 
H          0.9062828421        1.3534639650        1.4069003789 
 
CH2S(F)CH3 
9 
CCSD(T)/AVTZ 
C         -0.6436848026        1.3477519539       -0.4676559086 
S         -0.4409212575       -0.4355525938       -0.3820653970 
F         -0.4188114613       -0.3153696511        1.3768627068 
C          0.9840171441       -0.6791051716       -1.0952279333 
H          1.7610601142        0.0746677989       -1.0911490554 
H         -1.4750192920        1.6200733777        0.1773879980 
H          1.2296759344       -1.7061300864       -1.3251088261 
H         -0.8425768375        1.6172214296       -1.5030233807 
H          0.2742204582        1.8124679428       -0.1100542036 
 
INT 
11 
CAS-PT2/AVTZ 
S         -0.5345745253        0.0000018461        1.0187422604 
C          0.5984395763        1.3742538075        1.1532032702 
C          0.5984426873       -1.3742454342        1.1532260237 
F         -0.3127552083       -0.0000062856       -0.9125731752 
F          0.2019017513       -0.0000035484       -2.6370018462 
H          0.0278819010        2.2787422000        0.9624899656 
H          1.0229144160        1.4016705400        2.1542078884 
H          1.3643927478        1.2549448909        0.3918311934 
H          0.0278966622       -2.2787348316        0.9624829081 
H          1.3644241429       -1.2549262565        0.3918839394 
H          1.0228818808       -1.4016696843        2.1542456191 
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TS1 
11 
CAS-PT2/AVTZ 
 F         -0.0942553260       -0.3107268620       -2.3027743595 
 H          1.0807369193       -0.7951465378       -0.6580919133 
 S          0.1341711918        0.4739239807        1.0724448862 
 F         -0.4356386502        0.6127369090       -0.8234512836 
 C          1.4528327369       -0.4956135207        0.3298559438 
 C         -1.0707290042       -0.8161854913        1.3530110101 
 H          2.3127614418        0.1602693575        0.2231435660 
 H          1.7008970477       -1.3311962381        0.9803209294 
 H         -1.9979846157       -0.3395575399        1.6580874511 
 H         -0.7148528703       -1.4785048540        2.1391160641 
 H         -1.2146601271       -1.3507863772        0.4174260891 
 
TS2  
11  
 CAS-PT2/AVTZ 
 C     -1.5264907498    -0.4169493422    -0.7984968784 
 S     -0.0433624383     0.5784486833    -0.8347371032 
 F      0.5350299535    -0.3142639043     0.8855519813 
 C      0.9546785604    -0.4055035785    -1.9469261447 
 F      0.0038631601     0.0485714984     2.7254445226 
 H     -2.1594552865    -0.0116974352    -0.0138709976 
 H     -2.0342129628    -0.3623185062    -1.7591154093 
 H     -1.2537759854    -1.4385427879    -0.5489316534 
 H      1.9231053572     0.0798815987    -2.0304034752 
 H      1.0771415845    -1.3970682087    -1.5180384817 
 H      0.4829210801    -0.4605986853    -2.9260161126 
 
TS3 
11 
MP2/AVTZ 
C         -0.9330729265        1.1307312468        0.2869245231 
S          0.0526971153       -0.2980960368       -0.0922859723 
F         -0.1007123315       -0.4891763577        1.9078060399 
C         -0.7053744247       -0.5502726295       -1.7348621119 
F          1.3106693184        0.5621882500       -0.6672363583 
H         -0.0746757724       -1.2643871947       -2.2593072240 
H         -0.4733295650        1.6122204266        1.1399036144 
H         -1.6812885084       -1.0037977518       -1.5545107199 
H         -0.8087549745        0.3745019333       -2.2968536555 
H         -0.9926529478        1.7681235448       -0.5910285927 
H         -1.9100419415        0.7538516086        0.5799098861 
 
 
